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Deformation bands are the primary structural element of fault damage zones within porous 
granular rocks. They are sub-seismic structures that act to modify the petrophysical 
properties of the host lithology, and as such are an area of focused research to understand 
their impact on fluid flow in subsurface reservoirs. Deformation bands have been shown to 
negatively impact fluid flow in reservoirs, with reduced porosity and permeability, and 
therefore pose a problem for many subsurface energy resources including hydrocarbon 
exploration and production, groundwater aquifer management, geothermal energies, and 
carbon sequestration. 
Deformation bands require a diverse methodological approach in order to fully understand 
the mechanisms of their formation and their impacts on rock properties. Current 
understanding of deformation bands has been drawn primarily from field outcrops, 
subsurface sampling, as well as insights provided by experimental rock mechanics. It is 
suggested that the formation of these structures and their properties is strongly related to 
host lithological properties, such as porosity, grain size, sorting and mineralogy, as well as the 
stress conditions at which they form. Their prevalence within high porosity, coarse-grained 
lithologies of aeolian origin has shown that grain size and porosity are the primary controls 
on their formation. However, the prevalence of this facies in the literature presents sampling 
bias and therefore bias in interpretation of the controls on their formation, with other 
lithological variables such as grain sorting and bed thickness, relatively understudied. 
This thesis presents results of an integrated approach to understand the controls on 
deformation band formation, and the controls on their petrophysical properties. Mixed 
aeolian-fluvial reservoirs of the United Kingdom, the Triassic Sherwood Sandstone Group and 
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the Devonian Old Red Sandstone Group are host to pervasive deformation band networks 
associated with faulting, and also offer the unique opportunity to examine the role of extreme 
lithological variability on their formation. Field sampling of fault damage zones and 
deformation bands is combined with petrographic and microstructural analysis and 
complemented with experimental rock mechanics to investigate the link between 
sedimentary facies and deformation band formation and petrophysical impact. 
Results of petrographic and microstructural analysis show that the type of deformation band 
structure formed is function of the porosity and grain size of the host lithology. Grain size 
distribution analysis reveals fractal grain size relationships which reflect the deformation 
mechanisms of band formation that is strongly influenced by grain sorting. Deformation 
bands within aeolian lithofacies display higher porosity and cataclasis than those within fluvial 
lithofacies, resulting in greater reduction in permeability. This field observation is also 
supported by triaxial deformation experiments on unconsolidated quartz aggregates in which 
the porosity, grain size, and mineralogy remain fixed, and sorting is varied. Sorting is found to 
influence the micromechanics of deformation, and thus the grain textures produced by 
cataclasis, resulting in greater permeability reduction within well-sorted materials. 
Measurements of deformation band intensity using two-dimensional window sampling also 
reveal a strong influence of grain sorting on both the intensity of fault damage zones, and the 
width of deformation bands. Intensity is highest within well-sorted lithologies, where 
permeability reduction is also highest, however, the average width and width variability of 
deformation bands is greatest within fluvial facies. It may be proposed that the increased 
intensity of bands within aeolian facies, may be balanced by the increased width within fluvial 
facies, and therefore these structures may act to maintain any inherent fluid flow 
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heterogeneity. These observations provide crucial insight into the effects of facies and 
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List of figures and tables 
Figure 2.1. Schematic diagram of a normal fault zone within porous sandstone. The fault 
core is an amalgamation of deformation bands in which a fault plane is formed. 
Deformation bands are the major feature of the fault damage zone, with a conjugate 
arrangement, at low angles to the main fault plane in both plan and section view. Band 
density increases with proximity to the fault. 
Figure 2.2. Log-log plot of damage zone width versus fault displacement for deformation 
band fault damage zones shows a power-law trend with an exponent n of 0.68. Data 
compiled by Choi et al. (2016) and references therein. 
Figure 2.3. Kinematic classification of deformation bands. Bands are classified based on the 
amount and type of volumetric change and sense of any shear. Adapted from (Fossen et al., 
2007) 
Figure 2.4. Deformation band classification by deformation mechanism and associated 
physical properties. Four major types are identified, although it is not uncommon to find a 
combination of mechanisms within a single band. Adapted from (Fossen et al., 2007) 
Figure 2.5. A comparison of the Gullfaks and Gullfaks Sor sands using SEM and BSE images. 
(A, C) Gullfaks is characterised by minor phyllosilicates and lower temperature conditions, 
inhibiting syntaxial quartz cementation, resulting in a high porosity and a productive 
reservoir. (B, D) Gullfaks Sor is characterised by cataclasis of quartz grains and higher 
temperatures, promoting the growth of syntaxial quartz cements, significantly reducing 
porosity and the productivity of the reservoir. Modified from Hesthammer et al. (2002). 
Figure 2.6. (a) Stress-strain curve for the hydrostatic compaction of porous rock. The 
inflection, P*, marks the transition from quasi-linear elastic compaction to non-linear 
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inelastic compaction and the onset of grain fracturing, also known as the critical pressure. 
(b) Critical pressure at which grain crushing occurs as a function of porosity and grain radius. 
Data shows that rock strength decreases with increasing porosity and grain size. Initial 
experiments by Zhang et al. (1990) determined a linear relationship with slope of -3/2 (solid 
line). Later experiments and compilation of various data sets yield a linear relationship of 
0.603-1.089 (dashed line). (Wong et al., 1997; Rutter and Glover, 2012). 
Figure 2.7. Q-P- ФR diagram showing the effects of porosity and grain size on the yield cap 
of porous sandstones. Larger grain sizes and high porosity are inherently weaker than finer, 
less porous sandstones, and therefore have smaller yield caps. The critical state line marks 
the division of dilation (dark grey) and compaction (light grey). Modified from (Cuss et al., 
2003). 
Figure 2.8. Force chain network of fracturing in both poorly sorted and well sorted sands. 
Grain contacts are more distributed in poorly sorted sands, where the smaller grains bare 
the stresses between the larger grains, limiting fracturing amongst the finer fraction, whose 
connectivity may be limited. Grain contacts are less dense in well sorted sands and 
therefore, stresses at contacts are higher, enabling the propagation of fractures from grain 
to grain.  
Figure 3.1. Petrog software and optical microscope stage used for point counting textural 
analysis. Thin sections are scanned systematically to obtain textural and compositional data 
through point counting. An example data output sheet from Petrog is shown, and included 




Figure 3.2. ImageJ jPORv1.1 porosity calculation method. (i) Tiff image of a thin section of 
blue resin impregnated sandstone sample. (ii) an 8-bit palette filter is applied to the 
photomicrograph and saved as a bitmap. (iii) jPORv1.1 plug-in for imageJ is used to manually 
threshold the blue pore filling resin (red). (iv) ImageJ calculates the area of red threshold 
pore space as a percentage of total image area to give a porosity value. A binary black and 
white image of the photomicrograph is produced representing grains and pore space 
respectively. 
Figure 3.3. The relationship between porosity obtained using optical images against porosity 
obtained using back scattered electron images shows a strong power-law relationship that 
may be used for correction of values obtained by the former, particularly those at lower 
porosity levels. 
Figure 3.4. NER TinyPerm II permeameter used for measurements on both outcrop and 
core. 
Figure 3.5. The Pxy system for fracture measurements based on dimensions of feature and 
sampling method. One dimensional intensity P10 and two-dimensional intensity P21 
measurements show greater uncertainty for P10 due to censoring and user bias.  
Figure 3.6. Deterministic model of fault zone development with increased displacement 
(Schueller et al., 2013). Different zones of varying deformation band intensity can be 
identified by the gradient of cumulative band intensity, to define damage zone width (Choi 
et al., 2016). Damage zone intensity is shown to independent of displacement, and may be 
controlled by other factors such as lithology. 
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Figure 3.7. (a) Schematic drawing of the triaxial deformation apparatus used for both 
hydrostatic and triaxial experiments. (b) Schematic drawing of the sample preparation prior 
to testing. 
Figure 4.1. Stratigraphy and geological map of the Cheshire Basin. The Helsby Formation is 
the main formation of interest, expressing the most facies variation within the Sherwood 
Sandstone Group. Field localities are indicated on the map. 
Figure 4.2. Stratigraphy of the Cheshire Basin, with lateral equivalents and petroleum 
reservoir sands of the East Irish Sea Basin, Shetland Basin, Northern, central and southern 
North Sea. (Adapted from (Aydin and Johnson, 1978; Ruffell, 2003; McKie and Williams, 
2009) 
Figure 4.3. (a) Geological map of Helsby including the study areas and major faults of 
interest. (b) Helsby Hill Fault with extensive deformation band damage zone. (c) 
Deformation bands within aeolian beds of Helsby Quarry. 
Figure 4.4. (a) Geological map of Grinshill including major faults of interest. (b) Two 
structural trends in deformation bands corresponding to two major faults. (c) A dense 
deformation band zone containing a deformation band cluster. 
Figure 4.5. (a) Geological map of Thurstaston including study area and major faults of 
interest. (b) Two Faults observed in the road cutting on Telegraph road displace beds of 
quartz arenite and sub-arkosic sandstones. 
Figure 4.6. (a) Geological map of Alderley Edge including study area and major faults of 
interest. (b) The Engine Vein fault exposed along a mine working.  
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Figure 4.7. Geological map of the Nesscliffe locality including the highlighted study area in 
Nesscliffe Country Park. Between two approximately E-W striking faults. 
Figure 4.8. (a) Fluvial Helsby Formation eroding into aeolian units of the Wilmslow 
Formation at Bickerton. (b) Fluvial sequences of the Delamere Member observed at Helsby 
Hill show pebbly channel sandstones, and cross bedded and rippled fluvial bars. (c) Faulted 
fluvial channel units at the top of Grinshill. (d) Interbedded fluvial muds and fine sands at 
Helsby Quarry show the transition to a fluvial dominated environment. (e) Synthetic faults 
cut through a massive aeolian sequence at Grinshill. (f) Massive aeolian sequences transition 
to fluvial at Nesscliffe. (g) Deformation bands in heterolithic fluvial sheet flood beds of the 
Wilmslow formation in the Holcroft Lane borehole. (h) Deformation bands in aeolian 
sandstones of the Frodsham Member of the Helsby Sandstone Formation in the Saughall 
Massie borehole. 
Figure 4.9. Equal area stereonet plots showing structural data for the localities across the 
Cheshire Basin study: (a) Grinshill. (b) Helsby. (c) Nesscliffe. (d) Alderley Edge. (e) Saughall 
Massie. (f) Thurstaston. Plots show poles to deformation bands with mean planes in red in 
relation to the principal fault planes in yellow. 
Figure 4.10. Sedimentary logs of outcrop and core localities, coloured by facies association. 
Permeability logs are shown adjacent to core logs 
Figure 4.11. Optical photomicrographs of examples of 6 facies association. Refer to logs (Fig 
4.10) for sample locations. (a) Aeolian dune facies from the Saughall Massie borehole. Well-
sorted, sub-rounded clasts of quartz and minor amounts of feldspar. (b) Fluvial channel 
facies from Helsby. Poorly-sorted, angular clasts of quartz, feldspar and minor clays. (c) 
Aeolian sand sheet from the Abbey Arms Wood borehole. Bi-modal grain-size distribution of 
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very well-rounded coarse clasts and sub-rounded fine clasts. (d) Interdune/overbank facies 
from the Holcroft Lane borehole. Fine-grained, moderately-sorted grains in a muddy-silty 
matrix. (e) Fluvial sheet facies from the Holcroft Lane borehole. Bi-modal grain-size 
distribution with laminations of large, sub-angular grains, and fine-grained muddy clasts. (f) 
Fluvial bar form facies from Helsby. Moderately well-sorted, sub-angular, medium-grained 
quartz arenite. 
Figure 4.12. (a) Box and whisker plot of permeability by facies association. (b) Ternary 
diagram showing the abundance of quartz, feldspar and lithic grains for the lithofacies 
sampled, coloured by facies association. 
Figure 4.13. Figure 4.13. Porosity versus permeability for undeformed samples of the upper 
Sherwood Sandstone. Both measured permeability shown in green, and calculated 
permeability in red, show a power law relationship. Data from the Abbey Arms Wood 
borehole, obtained using mini permeameter are shown for comparison (Bloomfield et al., 
2006). 
Figure 4.14. Location and geological map of the study area including mapped localities and 
stratigraphy of the local area. 
Figure 4.15. (a) Outcrops in the hillside of Pease Bay showing localities and major faults and 
fault damage zones.  (b) Locality 3 displays a highly deformed and complex zone of 
deformation bands associated with an inferred fault to the north toward locality 2. (c) A 
fault displaces a small succession of fluvial sandstones of varying grain sizes as well as a 
minor mudstone horizon. Deformation band density and thickness are recorded for each of 
the beds. (d) Locality 5 displays a 25m damage zone of deformation bands within aeolian 
beds. (e) Fault zone at locality 6 in which a sequence of mudstones and small channel 
xiv 
 
sandstones are displaced by a fault with approximately 1.5m throw, and a pair of antithetic 
faults with displacements of 7 and 18cm. Damage zone density is measured in the three 
beds indicated. (f) Locality 6, Red Rocks, displays faulted beds of aeolian and fluvial facies 
mudstones and sandstones dipping shallowly to the north-east. 
Figure 4.16. Equal area stereonet plots of deformation bands and faults for (a) Locality 3, (b) 
Locality 4, (c) Locality 5, and (d) Locality 6.  The same structural trend is observed across the 
bay, with east-west trending faults and conjugate sets of deformation bands at low angle to 
the faults with an intersection of 45-50°.  
Figure 4.17. Sedimentary logs across Pease Bay recording lithofacies and facies association 
variation across three localities. Logs show the overall facies change within the Upper 
Devonian Greenheugh Formation. Recording a predominantly arid wind-blown environment 
to a humid fluviatile environment. 
Figure 5.1. Examples of deformation bands. (a) Bands are cataclastic in the Saughall Massie 
borehole. (b) Disaggregation shear bands displace laminations and show evidence for fluid 
flow within fluvial sheet flood facies in the Holcroft Lane borehole. (c) Cataclastic bands 
within aeolian dune facies in Helsby Quarry. (d) Disaggregation shear bands displace 
laminations of fluvial sheet flood deposits in the Holcoft Lane borehole. (e) Disaggregation 
bands weather more than adjacent undeformed rock and show evidence for fluid flow 
pathways in fine-grained aeolian facies at Pease Bay. (f) Cataclastic shear deformation bands 
displace laminations within aeolian facies at Pease Bay. 
Figure 5.2. Photomicrographs of host lithologies and their deformation bands, including 
their respective porosity values, grain sphericity (i) and grain fabric (ii). (a) A coarse-grained 
fluvial channel unit from Helsby. (b) A medium-grained aeolian dune sample from the 
xv 
 
Saughall Massie borehole. (c) A fine-grained fluvial bar unit from Grinshill. (d) A fine grained, 
fluvial sheet flood sample from the Holcroft Lane borehole. 
Figure 5.3. Back scattered electron (BSE) photomicrographs of the internal microstructure of 
deformation bands. (a) Deformation band with micro-breccia-protocataclastic texture in a 
fine-grained aeolian dune, Pease Bay, Scotland. (b) High magnification of image a showing 
grain size reduction within a deformation band. (c) Protocataclastic texture within a 
deformation band in a coarse-grained fluvial channel, Helsby Hill, Cheshire, UK. (d) High 
magnification of protocataclastic texture within a deformation band. (e) Deformation band 
with micro-breccia texture within a fine-grained aeolian dune, Nesscliffe, Shropshire, UK. (f) 
High magnification image showing grain size reduction of quartz and feldspar grains. (g) 
Fault core sample from the Helsby Hill fault. Cataclastic-ultracataclastic texture has a low 
porosity of 4.7%, with large grains supported in a very fine-grained matrix. (h) High 
magnification of fault core ultracataclasite, very fine-grained matrix fills pore spaces. 
Figure 5.4. Log-log plot of host rock versus deformation band porosity. Our data shown in 
red  against published deformation band porosity data for sandstones from (Rowe and 
Burley, 1997; Ogilvie and Glover, 2001; Shipton and Cowie, 2001; Shipton et al., 2002; Torabi 
and Fossen, 2009; Farrell et al., 2014; Ballas et al., 2015; de Lima Rodrigues et al., 2015; 
Wilkins et al., 2019) 
Figure 5.5. Porosity permeability relationships for undeformed lithofacies and deformation 
bands measured with both permeameter (green) and calculated using Bergs method for 
permeability estimation (red). Shown for comparison is a data set also obtained from image 
analysis from Torabi et al. (2013). 
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Figure 5.6. Graph showing the grain size distribution of undeformed host rock and 
deformation bands. Data shows the results of cataclasis in which grains fracture and grain 
size is reduced. Both host rock and deformation bands show a high degree of variability. 
Figure 5.7. Grain size distribution represented on a log-log plot of grain size against number 
of grains. A power-law relationship is indicative of a fractal distribution where the exponent 
D is the fractal dimension. It is proposed that D will develop with increasing cataclasis as 
well as increasing fractal range. Figure adapted from Blenkinsop (1991) & Zhong et al. 
(2018). 
Figure 5.8. Log-log plots of grain size distribution for deformation bands, used to record the 
fractal dimension and fractal range.  
Figure 5.9. Log-log plot of deformation band permeability versus host rock permeability for 
our deformation bands. Solid symbols represent measured host permeability. Open symbols 
represent calculated host permeability. Included is a large published data set of different 
cataclastic structures; individual bands, slipped bands, band clusters and fault core, from 
Ballas et al. (2015) and references therein. 
Figure 5.10. Cross plots of lithological properties and deformation band properties. 
Figure 6.1. Linear and cumulative plots of deformation band intensity for series of fault 
damage zones within different lithologies. Lithological properties are included in each plot. 
(a) Footwall of the Helsby Hill fault within a medium-grained fluvial sandstone. (b) Hanging 
wall of the Helsby Hill fault within a medium-grained fluvial sandstone. (c) Hanging wall of 
the Grinshill Hill fault within a fine-grained fluvial sandstone, and Corbet Wood fault within a 
fin grained aeolian dune sandstone at Grinshill. 
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Figure 6.2. Deformation band density for fault damage zones at Telegraph road, 
Thurstaston. Data from Griffiths et al. (2016). Both damage zones occur in coarse-grained 
quartz arenites, aeolian in origin, adjacent to faults with displacements of approx. 19 and 64 
cm. 
Figure 6.3. Frequency and cumulative frequency plots of deformation bands within different 
lithofacies in three fault zones, FDZ3, FDZ4 and FDZ5. Bands decay logarithmically with 
distance in FDZ4 up until a series of minor faults induce spikes in frequency. The cumulative 
data plot shows damage zone intensity of 6 bands per metre up until 17m where a decrease 
to 2 bands per metre occurs. FDZ5 and FDZ3 show band density within three distinct 
lithologies, with minor faults corresponding to peaks in band frequency. Cumulative 
frequency plots show variation in average band density (trend lines) between lithofacies. 
Figure 6.4. Histograms of deformation band width for fault zones at Pease Bay. 
Figure 6.5. Histograms of deformation band width for a variety of lithologies within fault 
damage zones of the Cheshire Basin case study. 
Figure 6.6. Summary diagram showing faulting and deformation band geometry across the 
localities of the study. 
Figure 6.7. Log-log plots of deformation band damage zone width versus displacement. 
Previous data compiled by Choi et al. (2016) and references therein. 
Figure 6.8. Cross-plots of deformation band attributes with lithological properties. (a) Inner 
and outer damage zone intensity against grain size. (b) Deformation band and lens width 
against grain size. (c) Inner and outer damage zone intensity against bed thickness. (d) 
Deformation band and lens width against bed thickness. (e) Inner and outer damage zone 
intensity against sorting. (f) Deformation band and lens width against sorting. 
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Figure 6.9. Deformation band width data by facies association. 
Figure 7.1. Photomicrographs of sand material used in experiments. (a) Fine grains (150-
200mm) from the Chelford sand formation. (b) Coarse grains (500-600mm) of the Chelford 
sand formation. (c) Fine grains (150-200mm) of the Congleton sand. (d) Coarse grains (400-
500mm) of the Congleton sand. 
Figure 7.2. Example sample statistics output from Gradistat analysis of grain size data 
obtained using LPSA. 
Figure 7.3. Grain size distribution profiles of four samples used in hydrostatic loading 
experiments. 
Figure 7.4. Grain size distribution profiles for samples prepared for hydrostatic and triaxial 
testing. (a) Grain size distribution by number of grains. (b) Grain size distribution by volume 
of grains. 
Figure 7.5. Sample configuration for triaxial experiments. 
Figure 7.6. (a) The hydrostatic loading method used for all experiments. Confining pressure 
is increased in small increments of 3-5 MPa once pore volume has equalised with each 
increment. (b) A q-p diagram showing the triaxial experimental strategy. P* defines the 
point of failure during hydrostatic compaction experiments. Further triaxial tests are 
performed at effective stress conditions as a percentage of this value, in order to explore 
deformation at different points around the yield envelope, and make fair comparisons 
between samples with slight variations in strength. 
Figure 7.7. (a) Results of hydrostatic loading experiments on samples of different grain size. 
Samples show an initial non-linear loading, followed by a quasi-linear elastic phase of 
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deformation. In two of the four samples (700 and 390 micron) an inflection marks the onset 
of permanent deformation, P*, followed by a region of non-linear compaction. All samples 
show considerable unrecoverable deformation upon unloading. (b) P* values from 
hydrostatic tests are plotted on a log P* vs log (porosity x grain radius), as well as a 
compilation of results from the literature of both sandstone and unconsolidated materials, 
references shown in key.  
Figure 7.8. SEM photomicrographs of 200 micron (a), 390 micron (b), and 700 micron (c) 
samples deformed hydrostatically showing grain crushing and surpassing of the critical 
pressure P*. 
Figure 7.9. (a) Results of hydrostatic compaction tests on 350mm sand with four levels of 
grain sorting. (b) Results of hydrostatic stress cycling experiments on a sample of VWS sand. 
Unloading curves of each cycle show accumulation of inelastic strain. Inelastic strain is 
plotted against the maximum stress of each cycle, and accounts for approx. 65% of total 
strain. 
Figure 7.10. Photomicrographs of a 344 micron moderately well-sorted sand. Deformed 
hydrostatically and removed at 19 (a), 37 (b) and 75 MPa (c) to confirm the onset of grain 
crushing (P*). Samples taken to 19 and 37 MPa display no grain deformation. Sample taken 
to 75 MPa confirms the occurrence of P*, marked by pervasive grain fracturing. 
Figure 7.11. Results of triaxial experiments for very well-sorted sand. Yield (C’/C*) is 
determined from two methods; deviation of porosity change from the hydrostat with mean 
effective stress (a), indicated by solid symbols, and differential stress vs axial strain curves 
where the data becomes non-linear(b), indicated by open symbols. The conditions at which 
samples were axially loaded are indicated next to data curves. (c) Yield points are plotted in 
xx 
 
differential stress (Q) versus mean effective stress (P) space, and form a broadly elliptical 
yield envelope. 
Figure 7.12. Results of triaxial experiments for moderately well-sorted sand. Yield (C’/C*) is 
determined from two methods; deviation of porosity change from the hydrostat with mean 
effective stress (a), indicated by solid symbols, and differential stress vs axial strain curves 
where data becomes non-linear (b), indicated by open symbols. (c) Yield points are plotted 
in differential stress (Q) versus mean effective stress (P) space, and form a broadly elliptical 
yield envelope. 
Figure 7.13. Back Scattered Electron (BSE) photomicrographs of triaxially deformed very 
well-sorted sands (a, c, e, g), and moderately well-sorted sands (b, d, f, h) deformed at 
approx. 10, 32, 50 and 80% of P* respectively. Samples are shown side by side for 
comparison, with the confining conditions at which each sample was deformed indicated. 
Samples show a transition in deformation mechanism from grain chipping (a, b), to chipping 
accompanied by Hertzian grain fracturing between grains of similar size at intermediate 
pressures (c, d). At higher pressures, Hertzian grain fracturing becomes the primary 
deformation mechanism, resulting in pervasive hertzian fracture networks and cataclasis in 
VWS sample (e, g), to more isolated pockets of cataclasis within MWS samples, which 
display lots of undeformed coarse outliers (f, h). 
Figure 7.14. (a) Particle size distribution for a naturally deformed cataclastic deformation 
band and undeformed host. (b) Fault rocks can be described as fractal when a power-law 
relation when plotted in a log-log plot of grain size (GS) versus number of particles greater 
than size GS, where the exponent D is the fractal dimension. The fractal dimension, and the 
fractal range increases with increasing grain comminution to a fractal dimension of up to 
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2.58 (Sammis et al., 1987). Grain size distribution (GSD) plots for triaxially deformed samples 
of both very well sorted (c) and moderately well-sorted (d) quartz sands. GSD is observed 
for a linear trend deviating from the undeformed GSD curve, indicating a fractal, or power 
law distribution. The gradient of the linear trend corresponds to a fractal dimension D. GSD 
curves show a progressive shift and steepening to the left with increasing effective pressure. 
Data colours correspond to different effective confining pressures as in figures 7.11 & 7.12. 
Figure 7.15. Experimental results plotted in Q-P space normalized to P*. Results plot an 
elliptical yield envelope. Micromechanics of deformation show a broad continuum with 
dominant mechanism increasing with stress. (I) Grain sliding and rearrangement. (II) Grain 
chipping. (III) Intragranular grain fracturing. 
Figure 7.16. Relative permeability reduction as a function of effective mean stress. 
Figure 7.17. Experimental results of yield plotted in Q-P space form elliptical envelopes. 
Solid symbols represent values obtained from deviation from the hydrostat. Open symbols 
represent values obtained from differential stress-strain curves. Permeability reduction of 
samples calculated from textural properties can be plotted in the post yield region up to the 
peak stress values attained during triaxial loading (red symbols). 
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1.1 Project motivation 
Faults are a major structure of the Earth’s lithosphere that influence the mechanical and 
petrophysical properties of rock. They have been a major focus of research in a range of 
geoscience disciplines, from earthquake seismology, engineering, hydrogeology and 
petroleum and economic geology. Understanding of the hydrological properties of faults in 
the upper crust is of particular interest and of economic importance since many fluid bearing 
reservoirs are charged, sealed or have their fluid flow properties affected by the presence of 
faults. First identified in the early 1970s (Dunn et al., 1973; Engelder, 1974; Aydin, 1978), 
deformation bands are the main structural element of faulting within porous granular rocks 
such as sandstones (Aydin, 1978; Hippler, 1993; Antonellini et al., 1994; Fossen and 
Hesthammer, 1998; Ogilvie and Glover, 2001; Schultz and Siddharthan, 2005; Fossen and 
Bale, 2007), and less commonly in porous carbonate grainstones (Mikkelsen and Floodpage, 
1997; Meadows, 2006; Cilona et al., 2012) and volcanic tuffs (Evans et al., 1993; Wilson et al., 
2003), and have been shown to both impede and enhance fluid flow. Deformation bands are 
sub-seismic, planar features of localised deformation with length scales of tens to hundreds 
of metres, and widths on the scale of millimetres to centimetres, and are often associated 
with faults with displacements below the seismic resolution. Therefore, to understand their 
fluid flow behaviour in the subsurface requires knowledge of the controls on their formation 
to predict their occurrence. Current understanding of deformation bands has been drawn 
from a combination of outcrop study (Schultz and Siddharthan, 2005; Rotevatn et al., 2008; 
Ballas et al., 2013; Ballas et al., 2014; Ballas et al., 2015; Griffiths et al., 2016) subsurface 
sampling (Fossen and Hesthammer, 2000; Hesthammer et al., 2002; Wilkins et al., 2019), and 
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experimental formation of bands in the laboratory (Zhang et al., 1990; Wong et al., 1997; Mair 
et al., 2002; Tembe et al., 2008; Charalampidou et al., 2011). Through this research it is found 
that the formation of deformation bands is strongly controlled by lithological properties of 
the host sandstone, such as grain size, porosity, sorting and mineralogy. These properties are 
inherently controlled and related to the depositional facies of the sandstones, through 
different sediment provenance and different sediment transport mechanisms. Deformation 
bands have been identified and studied in different depositional facies in outcrop, including 
most predominantly in aeolian facies, with excellent exposures of deformation band fault 
zones in the western United States in formations such as the Aztec, Entrada and Navajo 
Sandstones (Antonellini et al., 1994; Fossen and Bale, 2007; Eichhubl et al., 2010; Fossen et 
al., 2011b; Deng and Aydin, 2012), fluvial facies (Du Bernard et al., 2002a; Rotevatn et al., 
2008; Torabi et al., 2013) and a little work in marine facies (Saillet and Wibberley, 2010; Ballas 
et al., 2014). Results have shown that porosity and grain size are the primary controlling 
factors on the type and intensity of deformation bands formed, and a secondary control from 
factors such as sorting (Cheung et al., 2012) and mineralogy (Rawling and Goodwin, 2003; 
Exner and Tschegg, 2012). However, many of these findings are from comparing different 
localities of studies of deformation bands in relatively monolithic successions with little facies 
variation, nor have deformation band properties been comprehensively or quantitatively 
studied in great detail with respect to facies directly. This presents the question of how 
deformation bands develop in more lithologically heterogeneous successions, and how their 
properties vary with more extreme variation in lithological parameters such as grain size, 
porosity, sorting, grain shape and mineralogy. This research will integrate a variety of 
methods to investigate the links between facies and deformation band properties directly and 
quantitatively, using outcrop and core examples of Triassic and Devonian mixed aeolian-
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fluvial sandstones of the UK as principal case studies. Mixed aeolian-fluvial sandstones 
present a high degree of lithofacies variation across a wide range of bed thickness scales 
(Meadows and Beach, 1993; Mountney and Thompson, 2002; Wakefield et al., 2015; Priddy 
and Clarke, 2020) and therefore offer a unique opportunity to examine the role of facies 
variation on deformation band properties. Mixed aeolian-fluvial sandstones of the UK 
continental shelf (UKCS) are also of economic importance, as hydrocarbon bearing reservoirs 
which are also host to deformation bands (Cowan, 1993; Leveille et al., 1997; Fisher and 
Knipe, 2001; Meadows, 2006), as well as major ground water aquifers to the North West of 
England (Sternlof et al., 2006; Medici et al., 2019). More recently, in light of tackling climate 
change and the search for alternative energy resources and managing carbon emissions, the 
Triassic of the Cheshire Basin has been the focus of both geothermal potential, where 
formations with favourable fluid flow properties are subject to high geothermal gradients 
(Hirst et al., 2015; Brown et al., 2019b, a), and carbon capture and storage (CCS) (Armitage et 
al., 2013). Improving knowledge of deformation bands and the fluid modification of faults is 





1.2. Research Aims 
The aim of this thesis is to increase the understanding of deformation bands. In particular, 
the controls on their formation with respect to facies directly.  We employ broadly two 
complimentary methods: Two outcrop case studies of mixed aeolian-fluvial sandstones in the 
Triassic and Devonian of the UK are examined, utilising outcrop and core sampling, and 
petrographic and microstructural analysis. This field-based work is then complimented with 
experimental rock mechanics to test controls on rock failure, with the following aims: 
1. What are the controls on the formation of deformation bands in mixed 
aeolian-fluvial successions? 
2. What are the controls on the petrophysical properties of deformation bands 




1.3. Thesis Structure 
Chapter 1 – Introduces the research topic, and the motivation and aims of the thesis. 
 
Chapter 2 – Provides a review of the literature, introducing the kinematic and mechanistic 
classification of deformation bands, and current knowledge of the controls on their 
formation. 
 
Chapter 3 – Introduces and discusses the methodologies used for analysis in chapters 4, 5, 6 
and 7. 
 
Chapter 4 – Introduces the geological background, stratigraphy and occurrence of 
deformation bands for the localities of two case studies. Presents results of petrographic and 
petrophysical analysis of undeformed host lithologies. 
 
Chapter 5 – Presents results of petrographic, petrophysical and microstructural analysis of 
deformation bands. Discusses the control of lithofacies on microstructure and permeability. 
 
Chapter 6 – Presents results of macroscale analysis of fault damage zones. Discusses the 
control of lithofacies on the intensity and thickness of deformation bands. 
 
Chapter 7 – Presents results of rock deformation experiments on unconsolidated sands 




Chapter 8 – Integrates and provides a summary of the conclusions found in previous chapters, 




2.1. Fault damage zones in sandstones 
Although faults are often represented on a basic conceptual level as finite planes along which 
stratigraphy is displaced, it is widely recognised that in nature faults are complex three 
dimensional features comprising many individual structural elements to form a fault zone 
(Braathen et al., 2009). Fault zones typically have a well-defined, high-strain central fault core, 
comprised of heavily deformed material such as gouge or cataclasite, often with displacement 
accommodated on multiple slip surfaces, with structures that may split, anastomose and vary 
in width in both dip and strike directions. Surrounding the fault core is a larger volume of 
deformed rock known as the fault damage zone (Caine et al., 1996; Faulkner et al., 2010; 
Faulkner et al., 2011). Damage zones occur as a precursor to fault genesis as strain is 
accommodated until a fault plane is formed, and may continue to form in response to 
displacement on these fault planes, leading to flexure of the surrounding rock mass and/or 
fault rupture in stick-slip seismic events (Johri et al., 2014). Damage zones may also form in 
response to fluid flow associated with the faults behaving as fluid conduits, which may cause 
hydraulic fracturing, brecciation and/or diagenetic alteration (Hausegger et al., 2010). 
Deformation bands are the main structural element within fault damage zones in porous 
sandstones (Fig. 2.1), whilst also being associated with folding (Brandenburg et al., 2012; 
Zuluaga et al., 2014), salt diapirism (Wilkins et al., 2019) and uplift. They are the precursor to 
the formation of a fault plane, where deformation bands coalesce to form a dense cluster of 
bands that strain harden before a localised slip surface is then formed (Shipton and Cowie, 
2001; Shipton and Cowie, 2003; De Joussineau and Aydin, 2007). They may also then continue 
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to form in the damage zone as strain is accommodated with increasing fault displacement 
(Fossen et al., 2007; Fossen et al., 2018).   
Figure 2.1. Schematic diagram of a normal fault zone within porous sandstone. The fault 
core is an amalgamation of deformation bands in which a fault plane is formed. 
Deformation bands are the major feature of the fault damage zone, with a conjugate 
arrangement, at low angles to the main fault plane in both plan and section view. Band 
density increases with proximity to the fault. 
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Outcrop studies have been the main method for establishing an understanding of the spatial 
and temporal evolution of deformation bands surrounding faults, with observations made at 
a number of scales, from individual bands with grain scale damage zones to basin-scale fault 
systems with damage zones hundreds of metres wide (Aydin and Johnson, 1978; Chadwick, 
1997; Fossen and Bale, 2007; Mitchell and Faulkner, 2009, 2012; Ballas et al., 2013). Analysis 
of fault damage zone width and displacement data for porous rocks from the available 
literature suggests a strong power-law relationship for faults with displacements of between 
1-1000m (Fig. 2.2) (Knott, 1994; Shipton and Cowie, 2003; Shipton et al., 2006; Schueller et 
al., 2013; Choi et al., 2016), although a great deal of scatter in damage zone width-
displacement data is observed, obscured by log-log plots, with variability of two orders of 
magnitude. A change in this scaling component has also been identified for displacements in 
excess of ~150m where the damage zone growth decreases, which has been attributed to the 
nucleation of new fault strands, as well as limited sampling at these scales (Savage and 
Brodsky, 2011; Torabi et al., 2019), as well as some findings of a linear rather than power-law 
relationship for displacements of less than 25m (Shipton and Cowie, 2001). Variations in this 
relationship may be affected by the temporal evolution of the fault damage zone if it is 
assumed that the damage zone develops prior to fault initiation, as well as along strike 
variations of fault damage zones (Kim et al., 2004; Laubach et al., 2014), complex fault 
interactions (Childs et al., 1995; Childs et al., 2009), different tectonic settings (Solum et al., 
2010; Soliva et al., 2013), damage zone asymmetry across the fault (Schueller et al., 2013) and 
inconsistencies in the way in which fault rocks and damage zones are defined (Choi et al., 
2016; Torabi et al., 2019). This makes the application of a single power-law relationship to 
predict fault growth and damage zone width for faults somewhat unreliable. The influence of 
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lithology is a commonly discussed influence on the aforementioned variables, and remains an 
important factor in understanding various aspects of deformation bands.  
Figure 2.2. Log-log plot of damage zone width versus fault displacement for deformation 
band fault damage zones shows a power-law trend with an exponent n of 0.68. Data 




Throughout the literature there have been many different names to describe deformation 
bands including many broad terms such as micro-faults, cataclastic faults and fractures 
(Jamison and Stearns, 1982; Fisher and Knipe, 2001) and granulation seams (Pittman, 1981; 
Beach et al., 1999), however, these terms failed to describe the wide variation in kinematics, 
internal structure and deformation mechanisms, which control their petrophysical properties 
and impact on a reservoir. Deformation bands have since been universally classified and 
described in detail in terms of their kinematics, describing volumetric changes and 
displacement (Aydin et al., 2006), and deformation mechanism, describing grain scale 
processes including cataclasis, disaggregation, cementation, and clay smearing (Antonellini et 
al., 1994; Fossen et al., 2007). The details of the classification of deformation bands, their 
occurrence and properties are described below. 
2.2.1. Kinematics 
The petrophysical properties of deformation bands may be strongly linked to the kinematics 
of their formation. Deformation bands were first classified based on kinematics by Aydin et 
al. (2006) where they were divided in to two main categories, volumetric deformation bands 
and shear deformation bands (Fig. 2.3). Volumetric deformation bands involve either a 
volume increase or decrease and are termed pure dilation bands and pure compaction bands 
respectively (Fig. 2.3d, 2.3e). Whilst the former may kinematically be similar to a mode 1 
fracture, differences in microstructure and mechanics have been identified, where dilation 
bands form via pore size growth, whereas mode I fractures form discrete surfaces (Du Bernard 
et al., 2002a). Pure compaction bands are considered to be porosity and permeability 
reducing, and dilation bands porosity and permeability enhancing. 
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Like the faults of which they form and evolve from, deformation bands most commonly 
display an offset of host rock structures such as laminations, often only millimetres to a few 
centimetres, and are termed shear bands. Pure shear bands display only lateral shearing of 
grains with no volume change (Fig. 2.3b), and may therefore maintain porosity, although this 
is largely dependent on the deformation mechanism. Most commonly found in both outcrop 
and core are hybrid bands which display both shear displacement and positive or negative 
volume change, and are termed shear enhanced dilation/compaction bands respectively (Fig.  
2.3a, 2.3c). Shear bands accompanied by dilation are considered to increase porosity and 
permeability relative to the surrounding host rock, and those with compaction are considered 









Figure 2.3. Kinematic classification of deformation bands. Bands are classified based on the 





Whilst a kinematic classification may be somewhat useful to infer the petrophysical 
properties of deformation bands, there may be other controls on the petrophysical properties 
of deformation bands that may not be described by kinematics alone. A variety of 
micromechanical processes have been identified within deformation bands that further 
influence both their mechanical and petrophysical properties. Hence a mechanical 
classification was developed. Aydin (1978) first identified deformation mechanisms following 
experimental work where deformation bands were formed as a result of brittle fracture tests 
(Dunn et al., 1973; Friedman and Logan, 1973). Aydin noted there were two zones within a 
deformation band; an outer zone characterised by deformation by compaction where the 
matrix and pores deform, and an inner zone characterized by grain fracture and crushing. 
These mechanisms were identified from the study of shear compaction bands from the mono-
mineralic Entrada and Navajo Sandstones, and as such only represented mechanisms of a 
single band type. Antonellini et al. (1994) made further observations during a study of 
microstructure within deformation bands in various sandstones from Utah in which he 
identified three dominant deformation mechanisms: (1) Bands with no cataclasis; (2) Bands 
with cataclasis; (3) Bands with clay smearing. In light of further observations of deformation 
bands, a mechanical classification of deformation bands was finally summarised in a review 
by Fossen et al. (2007), in which four distinct classifications were made based solely on 
mechanical processes: (1) disaggregation/granular flow; (2) cataclasis; (3) clay 
smearing/phyllosilicate banding; (4) dissolution and cementation (Fig. 2.4), the details and 






Figure 2.4. Deformation band classification by deformation mechanism and associated 
physical properties. 4 major types are identified, although it is not uncommon to find a 




Often referred to as granular flow (Twiss and Moores, 1992), this process is most common in 
unlithified sediments and poorly consolidated sandstones typical of those at shallow burial 
depths. It is a typical process of bands with simple shear kinematics with little or no apparent 
volumetric change (Fossen et al., 2018), although care must be taken in this interpretation, 
as increased burial and compaction may continue after band formation. Deformation is 
accommodated through the breaking of existing intergranular cements, and subsequent 
rotation and sliding of grains. In the absence of compaction, porosity and permeability remain 
unaltered. However, with an element of compaction before the onset of grain crushing, 
porosity and permeability may be reduced through grain reorganisation and improved 
packing arrangement, particularly in unconsolidated or poorly consolidated sands that 
haven’t been subject to burial related compaction. Similarly, in sandstones that are heavily 
cemented, porosity and permeability may be enhanced through intergranular fracturing of 
cements. Disaggregation bands may often be difficult to identify, and only apparent where a 
significant offset of laminae or other structure occurs. 
2.2.2.2. Cataclasis 
Cataclasis can be described as a mechanism of deformation involving fracturing of grains 
resulting in a decrease in grain size and sorting with increasing effective stress and 
displacement (Engelder, 1974). The most common band type, and typical of bands with shear 
and compaction kinematics, cataclastic deformation bands were first described by Aydin and 
Johnson (1983) in a petrographic study of faulted sandstones. Following initial disaggregation 
and compaction, there is a significant increase in grain contact as grains are reorganised, this 
increase in grain contacts also leads to a strain hardening behaviour (Wong et al., 1997). 
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Further strain may only then be accommodated via intragranular grain fracturing, where 
fractures develop between point contacts, creating a fracture network described by Hertzian 
fracture model (Frank and Lawn, 1967; Wong and Baud, 1999). The result of these processes 
is a band which consists of an inner core of crushed grains with a reduced mean grain size and 
wider grain size distribution than the undeformed host, and an outer zone of overall 
compaction due to disaggregation (Aydin, 1978). It is suggested that the amount of cataclasis 
is the most important factor influencing the permeability of deformation bands (Fossen et al., 
2018). It was once thought that this process and the formation of these bands was restricted 
to porous sandstones having undergone faulting at depths greater than 1km (Fisher and 
Knipe, 2001), however, cases of cataclastic bands in poorly consolidated rocks that have 
undergone much shallower burial at depths as shallow as 50m (Cashman and Cashman 
(2000); Ujiie et al. (2004); Wibberley et al. (1999), suggest that burial depth, or effective 
stress, is not the only controlling factor. 
2.2.2.3. Phyllosilicate bands 
First identified by Antonellini et al. (1994) as deformation bands with clay mixing, 
phyllosilicate bands occur in sandstones with a clay content exceeding approximately 10-15%, 
although some have been identified with clay content as low as 5% (Fossen et al., 2007). 
Disaggregation or cataclasis is often an accompanying deformation mechanism, with clay 
mixing occurring sporadically along the deformation band where clay grains are apparent. 
With enough clay content, however, cataclasis may be suppressed in favour of clay smearing 
and frictional sliding. Fisher and Knipe (2001) recorded that clay content of 15-40% results in 
sufficient clay smearing to produce sealing deformation bands with permeability reduced to 
as low as 0.0001mD. Phyllosilicate bands can typically accommodate greater offsets than 
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other types of bands due to ductile clay grains which significantly delay, or inhibit strain 
hardening behaviour that is normally typical of grain interlocking, such as with cataclasis or 
disaggregation. 
2.2.2.4. Dissolution and cementation 
Dissolution and cementation bands form from solution of minerals within the host rock, 
typically but not exclusively limited to quartz. This process can occur during, or more 
commonly after localisation of a deformation band has taken place via one or more of the 
previous mechanisms (Fossen et al., 2007), however, it is a major mechanism controlling the 
petrophysical properties of deformation bands. Dissolution of a mineral phase such as quartz, 
can lead to cementation of deformation bands and can drastically reduce reservoir quality 
through the closing of pore space. The effect of cement on deformation bands, although there 
are few studies, is illustrated with examples from the Gullfaks oil fields of Norway. 
Hesthammer et al. (2002) documented the effects of cementation of deformation bands and 
the sealing capacity in a reservoir. The Gullfaks field is a faulted sandstone with numerous 
shear bands within damage zones less than a few tens of metres wide. The shear bands within 
the Gullfaks field, whilst having some fluid flow impact, were understood and production from 
this field was largely unaffected. When the drilling of two wells into the neighbouring Gullfaks 
Sor was complete, production from this field was approximately 15% less, the cause of which 
was quartz cementation of the deformation bands. Quartz cementation is the most common 
diagenetic mineral and the principal cause of porosity loss in reservoir sandstones 
(Walderhaug, 1994). Homogenization temperatures of fluid inclusions in quartz cements from 
North Sea reservoirs show that the temperatures of their formation range from 75° – 165°, 
with between 70 – 90°C considered to be the temperature at which quartz cementation 
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starts, correlating to a depth of approximately 3 km (geothermal gradient of 30oC/km) 
(Labaume and Moretti, 2001). The occurrence and extent of quartz cement may also be 
related to the burial history, particularly the time spent at quartz favourable 
depths/temperatures. In the case of the Gullfaks field, Gullfaks Sor was displaced 
approximately 1km deeper with respect to Gullfaks. This meant that Gullfaks Sor had a much 
higher temperature, currently in excess of 120°C, compared to less than 80°C, and so quartz 
cementation was favourable, leading to syntaxial quartz overgrowths which reduced porosity 
(Fig. 2.5). Gullfaks Sor also hosts shear enhanced compaction bands exhibiting greater 
cataclasis under increased effective pressure associated with burial depth. Syntaxial quartz 
overgrowths are enhanced by cataclasis of grains, creating fresh quartz faces for cements to 
nucleate and grow. Cementation can also occur at shallower depths and lower temperatures 
involving other minerals derived from authigenic grains and/or hydrothermal fluids. 
Deformation bands observed in the Vienna Basin of Austria, at a burial depth of 1651m, within 
medium grained litharenites with a composition of only 60% quartz, 30-40% dolomite, and 
very small amounts of feldspar, are heavily cemented by dolomite sourced from the high 
percentage dolomite in the host rock mobilised by hydrothermal fluids, recording host rock 
porosity of between 18 and 31%, and deformation bands reduced to between 1% and 9% 
(Exner et al., 2013).  
In light of these four mechanisms that describe the types of deformation bands, reservoir 
sandstones typically have long and complex burial histories, during which conditions are ever 
changing, therefore it is important to note that the kinematics and deformation mechanism 










Figure 2.5. A comparison of the Gullfaks and Gullfaks Sor sands using SEM and BSE images. 
(A, C) Gullfaks is characterised by minor phyllosilicates and lower temperature conditions, 
inhibiting syntaxial quartz cementation, resulting in a high porosity and a productive 
reservoir. (B, D) Gullfaks Sor is characterised by cataclasis of quartz grains and higher 
temperatures, promoting the growth of syntaxial quartz cements, significantly reducing 
porosity and the productivity of the reservoir. Modified from Hesthammer et al. (2002). 
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2.3. Controls on deformation bands 
The identification of different deformation mechanisms of deformation bands introduces a 
number of different factors that may control how they deform. For instance, clay smearing is 
identified in sandstones with significant presence of lithic or clay grains, thus highlighting the 
important control that sandstone mineralogy has on the deformation band type. Sandstones 
are inherently varied in terms of their textural and petrophysical properties, as a function of 
their provenance and depositional environment. Current understanding of the mechanical 
behaviour of sandstones with respect to their properties has been drawn largely from both 
field-based studies, and experimental rock mechanics. Field studies enable observations and 
interpretations of naturally occurring deformation bands with respect to the different 
lithologies in which they are found. However, complex burial and diagenetic histories make 
comparisons between different localities difficult. Experimental rock mechanics allows testing 
of mechanical theories, and controlled testing under pre-determined conditions and where 
properties may be varied (Hirth and Tullis, 1989; Wong, 1990; Mair et al., 2002; 
Charalampidou et al., 2011). Through these methods there is insight into the controls on band 
formation, which are discussed below. 
2.3.1. Porosity and Grain Size  
It is widely recognised that deformation band formation is more favourable in higher porosity, 
coarser-grained sandstones (Fossen et al., 2007). This is primarily due to their relatively low 
grain crushing strength which is a function of both porosity (ɸ) and grain radius (r) (Wong, 
1990). Higher porosity, coarse-grained sandstones are therefore more susceptible to localised 
deformation and subsequent band formation (Schultz et al., 2010). Conversely, low-porosity, 
fine-grained sandstones have a much higher grain crushing threshold, and are therefore less 
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susceptible to band formation. Thus, in an aeolian setting where textural maturity is high, and 
successions are relatively homogenous in terms of rock properties, band formation is often 
pervasive throughout the entire succession, this is most famously observed in the Navajo and 
Entrada sandstones of the Western United States (Aydin and Johnson, 1978; Shipton and 
Cowie, 2001). In cases with high grain size and porosity variability, such as those with 
variations in dune type and size, band formation may be restricted to, or more pervasive in 
the higher porosity, coarser-grained units, such as those dominated by grain-flow (Schultz et 
al., 2010; Fossen et al., 2011b). In less favourable units, bands may thin or terminate at bed 
boundaries across which porosity and/or grain size decreases significantly (Fossen and Bale, 
2007).  
The effect of porosity and grain size on the behaviour and physical properties of rocks is the 
most extensively covered by both outcrop studies and experimental work. Hydrostatic 
deformation tests in which samples of sandstones are subject to increasing isotropic stresses 
offer insight into the effects of porosity and grain size on mechanical behaviour. The strength 
of rocks can be defined by the point at which the stress-strain behaviour transitions from 
quasi-linear elastic compaction to accelerated non-linear inelastic compaction, referred to as 
the critical pressure, denoted by P*, and marks the onset of brittle grain fracturing or crushing 
(Fig. 2.6a). Earliest experimental studies on the strength and behaviour of rocks concluded 
that porosity had a profound effect on the strength of the rock (Dunn et al., 1973). In samples 
with porosity ranging from 2% to 24%, at high porosity with significant pore space and looser 
packing of grains, there is a lower energy required for grain cracking to occur and propagate 
through grain contacts and free pore space, referred to as the Hertzian fracture model (Frank 
and Lawn, 1967). At lower porosity, with greater grain packing, a greater critical pressure is 
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required to cause grain fracturing. Thus, lower porosity sandstones are typically stronger than 
high porosity sandstones, provided other controls remain equal. The hertzian fracture theory 
also predicts grain fracturing from grain contacts at a critical stress level to propagate any pre-
existing cracks in the grain.  It is for this reason that larger grains, with more pre-existing flaws, 
are inherently weaker (Zhang et al., 1990).
Figure 2.6. (a) Stress-strain curve for the hydrostatic compaction of porous rock. The 
inflection, P*, marks the transition from quasi-linear elastic compaction to non-linear 
inelastic compaction and the onset of grain fracturing, also known as the critical pressure. 
(b) Critical pressure at which grain crushing occurs as a function of porosity and grain radius. 
Data shows that rock strength decreases with increasing porosity and grain size. Initial 
experiments by Zhang et al. (1990) determined a linear relationship with slope of -3/2 (solid 
line). Later experiments and compilation of various data sets yield a linear relationship of 
0.603-1.089 (dashed line). (Wong et al., 1997; Rutter and Glover, 2012). 
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This theory was investigated further by Zhang et al. (1990) who tested a much broader range 
of porosity, as well as introducing the variance of grain size using data from other studies (Lee 
and Farhoomand, 1967; Zoback, 1975; Hirth and Tullis, 1989). With porosity values ranging 
from 7.4% – 52%, and grain size ranging from 0.05mm – 1.4mm, the results showed that the 
pressure at which grain crushing occurs (P*) is a function of both porosity (φ) and grain radius 
(r) with the linear relationship given by equation (1), which is in accordance with the hertzian 
model.   
Log P* = -1.5 log (φr) (1) 
Further experiments were compiled by Wong et al. (1997) of various sandstones in which the 
same -1.5 trend lines were used as best fit lines. However, further analysis of this compiled 
data by Rutter and Glover (2012) including some new experimental data, conclude that the 
data is better described by the empirical relationship (2). The data is shown in figure 2.6b.  
                                                 Log P* (MPa) = 0.603 – 1.09 log (φr)                                             (2) 
The results of these experimental tests support field observations in which deformation bands 
favour higher porosity, coarser grained sandstones. The Entrada Sandstone of Utah, USA, 
displays pervasive deformation bands within aeolian sandstones with an increase in density 
and thickness within coarser higher porosity sandstones, and a decrease at the bed boundary 
to lower porosity siltstones of interdune facies(Fossen and Bale, 2007). 
Additionally, porosity and grain size would also influence the type of deformation bands 
formed. With an aim to examine the control on deformation band type, studies of the Navajo 
Sandstone, Utah, USA, and sandstones from the Provence area of France are compared 
(Schultz et al., 2010; Fossen et al., 2011a; Ballas et al., 2013). In the Navajo Sandstone, it is 
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found that pure compaction bands (PCB) formed in beds with the largest porosities of 28-
29%, and permeabilities >10 Darcy. Shear enhanced compaction bands (SECB) continued to 
form in layers with porosities as low as 17% but phased out in layers with a grain size of 
0.16mm. When compared with data from Provence, France (Ballas et al., 2013), the pure 
compaction bands dominate the lower porosities for this area which are very similar values 
to those of Navajo Sandstone, and do not occur in sandstones with higher porosity values of 
33% – 38%. This may suggest there is an upper porosity limit to pure compaction band 
formation, where deformation may be accommodated by bulk compaction of the rock rather 
than localized compaction in the form of deformation bands. The SECB of Provence also do 
not agree with the findings in Utah, as a layer with a porosity as high as 33% contains no DBs, 
and the highest porosity (38.8%) contains very few SECB. These inconsistencies suggest that 
porosity and grain size is not the major control in these cases. Therefore, care and 
consideration should be made when drawing conclusions from different localities, exhibiting 
other variables other than porosity and grain size, such as burial depth, stress state, sorting 
and mineralogy.  
With the strong control of porosity on the formation of deformation bands, it can be inferred 
that permeability may show a similarly strong correlation. However, this is not a primary 
control, but a secondary correlation, as permeability is a function of both porosity and grain 
size (Beard and Weyl, 1973). The Navajo Sandstone, Utah, USA shows a strong correlation 
with permeability, in which the development of clusters of deformation bands (thick 
accumulations of single deformation bands) favour high porosity, and therefore high 
permeability sandstones (Fossen et al., 2011a). The results of this are a much greater 
permeability reduction within higher porosity units, with an average reduction two orders 




The derivation of P* is obtained from experiments under hydrostatic conditions in which the 
stresses are isotropic (σ1=σ2=σ3). Whilst this is a useful approximation for sandstones under 
lithostatic loading, in which all principal stresses are equal. This does not describe the failure 
for sandstones under differential stresses (Q = σ1 – σ3) in which the principal stresses are 
anisotropic. Sandstones deformed under a variety of conditions ranging from tension to pure 
compaction, may be visually represented by an elliptical curve or yield envelope, as plotted 
in Q-P space, where P = effective mean stress, equation 3. 
 (𝑃𝑃 = (𝜎𝜎1 + 𝜎𝜎2 + 𝜎𝜎3)/3 − 𝑃𝑃𝑃𝑃)                                                  (3) 
and Q is the differential stress, equation 4. 
 (σ1 − σ3). (4) 
When used in conjunction with porosity x grain size dependence, the strength, stress state 
and type of failure may be visually represented in 3D by the cam-cap model of Cuss et al. 
(2003) (Fig. 2.7), and can be used to describe the formation and evolution of deformation 
bands (Schultz and Siddharthan, 2005).  Figure 2.7 shows that the radius of the yield cap or 
yield surface, changes with porosity and grain size. A decrease in porosity during progressive 
deformation also causes the yield cap to grow and so the stresses needed for further 
deformation also increase. The kinematic classification for deformation bands discussed 
earlier, demonstrates the variability in deformation band types due to different stress states 
which may also be indicative of the tectonic regime (Solum et al., 2010; Soliva et al., 2013; 
Ballas et al., 2014). Contractional and extensional tectonic regimes have distinctly different 
stresses, producing different structural styles and geometries of faults and fault zones. Three 
studies compare the types and distribution of deformation bands in different tectonic regimes 
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(Solum et al., 2010; Soliva et al., 2013; Ballas et al., 2014) that lead to the same conclusion 
that a contractional tectonic environment yields an aerially extensive and even distribution 
of compaction bands and shear enhanced compaction bands, due to a high rate of increase 
in mean stress leading to failure in the middle to lower right part of the yield cap (Fig. 2.7). An 
extensional tectonic environment yields highly localised shear and shear compaction bands 
in the damage zones of normal faults due to greater differential stress and a reduction in 
mean stress causing failure in the peak of the yield envelope, across the critical state line. 
Considerable differences in the burial depth between these studies of between 0.8-2.3km, 
equating to a pressure of 20-57.5MPa, suggest that tectonic setting and differential stress is 
a more controlling factor than burial depth and effective mean stress. 
In early experiments studying the effects of mean effective stress, Sammis and Ashby (1986) 
observed that at moderate pressures samples failed by shearing, and at large confining 
pressures resulted in homogeneous micro-cracking. Antonellini et al. (1994) first 
hypothesised that the style of deformation within deformation bands, particularly dilation or 
compaction, was in part controlled by burial depth and mean effective stress. Under low 
confining pressures faulting develops as dilation and disaggregation, and higher confining 
pressures are characterized by compaction and cataclasis along with strain hardening 
behaviour (Wong and Baud, 2012). This behaviour can be graphically represented by the cam-
clay model previously mentioned. Developed from soil mechanics (Wood, 1990), this model 
describes the stress states and mechanical behaviour of the rock at the point of yielding, 
either dilation or compaction, with or without an element of shear.  
Cases of cataclastic bands formed in poorly consolidated sediments with very shallow burials 
as shallow as 50m depth (Lucas and Moore, 1986; Cashman and Cashman, 2000; Ujiie et al., 
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2004), prompt the need for further experiments as the only way of studying the effects of 
stress. Experiments by Mair et al. (2002) and Bésuelle et al. (2000) performed on fine grained 
sandstones both with 20% porosity, gave very similar results. In tests performed at between 
10-41MPa corresponding to depths of up to 1.6km, dilation occurs as well as an increase in 
differential stress until inelastic deformation. And in tests from 50-64MPa corresponding to 
depths between 2-2.56km, compaction dominates as well as a decrease in differential stress. 
In both of these experimental studies, an increase in the band angle with respect to the 
maximum principal stress σ1, and an increase in deformation band density is observed. The 
orientation of shear compaction bands may be used to infer the orientation of maximum 
principal stress. In these experiments shear bands are produced leaving pure compaction 
bands open to interpretation. Pure compaction bands are inferred to form perpendicular to 
the maximum principal stress with maximum principal compressive stress of around 20MPa, 
and requiring a high initial porosity, large pore size and coarse grain size, whereas the shear 
bands are thought to form under less compressive stress (Eichhubl et al., 2010). Recent 
experimental work by Heap et al. (2015b) looking at the time dependency of compaction band 
formation, confirmed the hypothesis of compaction band formation occurring at higher 
pressures, and saw that at an effective pressure of 80MPa (Pore fluid pressure = 10MPa) the 
deformation is entirely compactive, forming bands perpendicular to the applied stress. The 
sandstone in this case had similar grain size and porosity to the studies by Mair et al. (2002) 
and Bésuelle et al. (2000) but very different composition, with only 66% quartz and 28% K-
feldspar compared to what were mature pure quartz sandstones. The high abundance of 
feldspar may have an effect on the onset of grain crushing and so the values attained for pure 




Figure 2.7. Q-P- ФR diagram showing the effects of porosity and grain size on the yield 
cap of porous sandstones. Larger grain sizes and high porosity are inherently weaker 
than finer, less porous sandstones, and therefore have smaller yield caps. The critical 
state line marks the division of dilation (dark grey) and compaction (light grey). 
Modified from (Cuss et al., 2003). 
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From the experiments presented, it is clear that there is a relationship between burial depth 
and the type of compaction band formed. However, the results come from very limited 
samples in terms of porosity, permeability and mineralogy. There is also the issue of 
compaction bands, described here as forming at higher pressures, having been found in 
shallow and poorly consolidated sands. More experimental work is needed to test a range of 
properties reflective of those found in the field, as well as better constrained burial histories 
of outcrop examples, so that more accurate comparisons can be made from field to 
laboratory. 
2.3.3. Mineralogy 
Mineralogy is an important controlling factor on the strength of a rock. Quartz is the most 
abundant mineral in reservoir sandstones host to deformation bands, and so is the controlling 
mineral on its mechanical behaviour. However, with phyllosilicate bands, clay content as low 
as 5% can have an effect on the deformation mechanism as well as the petrophysical 
properties of the deformation bands. Clay content significantly weakens quartz rich rocks. 
Crawford et al. (2008) recorded a reduction in frictional strength (µ) from 0.7 to 0.45 with 
progressive addition of kaolinite clay up to 40 wt%. Field examples from Provence, France 
(Ballas et al., 2013) display compaction bands and shear enhanced compaction bands in a 
succession of texturally and mineralogically variable sandstones of deltaic origin. A 
comparison between two units which have very similar porosity and grain size values of ~35 
% and 0.23 mm, shows that both types of bands terminate at the boundary between the two 
units. The unit that hosts both compaction and shear bands contains less clay than the lower 
unit, it is inferred that mineralogy controls the formation of bands. As previously covered in 
the band classification discussion, clays will inhibit quartz grain-to-grain contact, and 
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therefore cataclasis, in favour of ductile deformation of the clay fraction, and in sandstones 
with >15% clay, will produce phyllosilicate bands. An important aspect of phyllosilicate bands 
yet to be considered, is the type of phyllosilicate minerals present, detrital or authigenic, as 
the clay type, and in the case of authigenic clays, the timing of formation, may impact the 
reservoir quality in different ways. Different phyllosilicate minerals, such as illite, kaolinite, 
chlorite and biotite, have different frictional strengths, with coefficients ranging from 0.2 to 
0.8 in dry samples (Moore and Lockner, 2004). This may be a significant control on the type 
of band formed, the extent of porosity and permeability reduction, and the intensity of 
deformation band formation since it is hypothesised that strain hardening of bands leads to 
the formation of new bands in order to accommodate strain. 
Feldspar grains, with a lower frictional strength of between 0.5-0.7 (Scruggs and Tullis, 1998), 
are inherently weaker than quartz grains and so they fracture first during deformation (Aydin, 
1978). Preferential fracturing of these grains results in grain size reduction of the feldspar 
fraction, and if feldspar content is particularly high, grain size distribution will increase, acting 
to potentially inhibit band formation. Wong et al. (1997) conducted experiments on a variety 
of sandstones of varying porosity, grain size, and composition, in order to investigate the 
transition from brittle to cataclastic flow. He compared grain crushing pressure (P*) to a 
number of other studies. The data show little relation between feldspar content and P* and 
the formation of DBs. Despite the lack of data supporting a relationship between feldspar 
content and onset of cataclasis, a study by Exner and Tschegg (2012) examined arkosic 
sandstones with a feldspar content of between 26-48%, and found that the preferential 
crushing of feldspar grains in cataclastic bands leads to an increase in phyllosilicate 
enrichment (sericite) due to seritization by hydrothermal alteration. This leads to a change in 
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deformation mechanism from cataclasis to clay smearing and the formation of phyllosilicate 
bands, which can cause a massive porosity reduction of up to 20%.   
2.3.4. Grain Size Distribution 
Although mean grain size is identified as a primary control on band formation, it has been 
found that the grain size distribution, or grain sorting, may also play an important secondary 
role on the mechanical behaviour, and formation of deformation bands in porous sandstones. 
It has been discussed that poorer grain sorting, a wide grain size distribution, favours 
deformation via distributed cataclastic flow as opposed to localised deformation band 
formation (Morgan and Boettcher, 1999; Cheung et al., 2012; Fossen et al., 2018), and that 
localisation is favoured within sandstones with a high degree of textural maturity, with good 
grain sorting, or a narrow grain-size distribution. The mechanism by which a wide grain size 
distribution inhibits strain localization and the formation of deformation bands, is through 
the distribution of stress at grain contact points. In a sandstone with a broad grain size 
distribution, grains have more contact points due to more finer grains within the sample, 
which then act as cushions for the larger particles to distribute stress (Sammis et al., 1987). 
Hertzian fracturing (Frank and Lawn, 1967) is then inhibited, or at least restricted to those 
smaller grain sizes bearing greater stress, whilst the larger particles remain largely 
undeformed (Fig. 2.8). The result is an even wider grain size distribution and strain hardening 
of the sandstone (Kaproth et al., 2010) which further inhibits band formation. Such 
conclusions about the effects of grain size distribution on strain localization, explain the 
prevalence and sampling bias of deformation bands within largely well-sorted sandstones 
typically of aeolian and marine origin. Although there are studies of bands within moderate- 
to poorly-sorted sandstones of fluvial origin (Rotevatn et al., 2008), the question remains of 
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how common band formation is in sandstones of this type, and how their geometry and 
petrophysical properties might vary. The effects of grain size distribution on the mechanical 
behaviour of sandstones and the formation of deformation bands is relatively under studied. 
  
  
Figure 2.8. Force chain network of fracturing in both 
poorly sorted and well sorted sands. Grain contacts 
are more distributed in poorly sorted sands, where the 
smaller grains bare the stresses between the larger 
grains, limiting fracturing amongst the finer fraction, 
whose connectivity may be limited. Grain contacts are 
less dense in well sorted sands and therefore, stresses 
at contacts are higher, enabling the propagation of 




There are many inconsistencies regarding the effects of burial depth on the type of 
deformation band formed. These inconsistencies may be related to the effects of 
cementation, which is highly, although not exclusively, depth and temperature dependant 
(Worden and Burley, 2003). Cements have been shown to alter the mechanical properties of 
sandstones, increasing their strength and increased cohesion (Yale et al., 1995). Cements alter 
many of the aforementioned controls on deformation band formation; increasing grain size 
through syntaxial overgrowth, increasing grain angularity, which in turn invades pore spaces 
and reduces porosity, and most importantly increasing the area of grain contacts, and thus 
reducing stress concentrations and fracturing. The effects of heterogenous cementation on a 
reservoir has shown to directly influence the presence and type of deformation bands 
formed, with cataclastic band formation inhibited in well-cemented intervals in favour of 












In this thesis an integrated approach is employed to investigate the role of lithofacies on 
deformation bands. This includes a field-based approach, incorporating various methods of 
outcrop and core sampling, and analysis at macroscale. A petrographic approach, examining 
the petrophysical and microstructural properties on a microscale. And an experimental 
approach in order to supplement and test hypotheses under controlled conditions. These 
methods are detailed below. 
3.1. Logging and Sampling 
Outcrop and core were logged to record lithofacies variation at localities where faults and 
deformation bands are observed. Samples of undeformed lithofacies were taken to 
characterise the petrographic variation across the localities. Samples of deformation bands 
were also taken in lithofacies adjacent to faults where deformation band intensity is also 
recorded. 
3.2. Petrographic Analysis 
For petrographic analysis, samples were cut perpendicular to band orientation to display the 
deformation band and surrounding host rock, and thin sections 30 µm thick impregnated with 
blue resin were produced for optical microscope, back scattered electron (BSE) microscope, 
and image analysis. 
Textural analysis was performed using PetrogTM point counting software and an automated 
microscope stage (Fig. 3.1).  The method uses optical microscopy and an automated 
microscope stage that allows a systematic scan of the sample to point count grains. By 
measuring both the long and short axis of individual grains we are able to obtain grain size 
distribution statistics such as mean, median, percentiles, sorting and skewness. In addition, 
36 
 
measurements of the long and short grain axis provide a measure of grain sphericity, and also 
grain orientation for indication of any primary grain fabric from sedimentary structure, and 
secondary grain fabric created by deformation (Fig. 3.1).  
Grain size distribution is calculated from the same grain size measurements, and using the 
Folk and Ward (1957) classification (Table 1), sorting is given in Phi units (ϕ) in order to 
transform the Wentworth grain size scale (mm) into a dimensionless scale using the following: 
𝜙𝜙 =  −𝑙𝑙𝑙𝑙𝑙𝑙2 𝑑𝑑                                                                (5) 
Where d is the grain diameter in millimetres. Sorting is then calculated using the following 
equation: 




                                                      (6) 
Where ϕ84, ϕ16, ϕ95 and ϕ5 are the phi grain size values at their respective percentiles. This 
















It has been demonstrated that a minimum of 200 grain measurements are required before 
no observed change in mean grain size with increased sampling (Duller et al. 2014).  
Therefore, a total of 250 grains were measured in both deformed and undeformed samples 
to ensure accurate representation of the samples. 
Compositional analysis is performed using optical microscopy to estimate the mineral 
abundance of quartz, feldspar and lithic grains, to classify sandstone composition. 
Figure 3.1. (a) Petrog software and optical microscope stage used for point counting 
textural analysis. (b) Thin sections are scanned systematically to obtain textural and 
compositional data through point counting. (c) An example data output sheet from Petrog 
is shown, and included grain size statistics, grains size distribution histogram, and a rose 
diagram of grain orientation. 
Table 1. Folk and Ward (1957) sorting classification 
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Microstructural observations are made using back scattered electron (BSE) images obtained 
using a Hitachi TM3000 scanning electron microscope (SEM). 
3.3. Porosity measurement 
The porosity of both undeformed and faulted sandstones was obtained from both optical and 
back-scattered electron images of samples in order to quantify petrophysical changes with 
deformation band formation. Using ImageJ analysis, an optical photomicrograph is first 
processed with an 8-bit colour palette filter. An ImageJ plug-in, jPORv1.1, is then used to 
threshold the colours of the image, and quantify by area the blue pore filling resin, calculating 
porosity as a percentage of the total image area (Fig. 3.2). This method of porosity calculation 
is comparable to conventional methods such as point counting, with a reported operator 
error standard deviation of 1.2%, due to dependence on photomicrograph quality and 
subjective judgements in thresholding and identification of grain-pore boundaries (Grove and 
Jerram, 2011). As this method relies on quantifying blue pore-filling resin, it is sensitive to the 
quality of impregnation. In very fine-grained and low porosity samples, such as deformation 
bands, it may not be possible to get full impregnation of resin, and therefore be unable to 
obtain accurate porosity values using optical photomicrographs. To combat this, the same 
method was applied to back-scattered electron images to calculate porosity. We find that BSE 
images result in higher and more accurate porosity values particularly at lower levels of 
porosity and grain size and higher levels of magnification, due to the clarity of defined grain-
pore boundaries. A strong power-law relationship was identified between porosity from BSE 
and optical photomicrographs, which may be used to correct values of porosity in fine-grained 




Figure 3.2. ImageJ jPORv1.1 porosity calculation method. (i) Tiff image of a thin section of 
blue resin impregnated sandstone sample. (ii) an 8-bit palette filter is applied to the 
photomicrograph and saved as a bitmap. (iii) jPORv1.1 plug-in for imageJ is used to manually 
threshold the blue pore filling resin (red). (iv) ImageJ calculates the area of red threshold 
pore space as a percentage of total image area to give a porosity value. A binary black and 





Figure 3.3. The relationship between porosity obtained using 
optical images against porosity obtained using back scattered 
electron images shows a strong power-law relationship that 
may be used for correction of values obtained by the former, 
particularly those at lower porosity levels. 
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3.4. Permeability measurement 
The permeability of undeformed host rock was measured using an NER TinyPermIIITM 
handheld probe permeameter (Fig. 3.4), which provides a non-destructive method of 
permeability measurement on both outcrop and core. This method uses a probe which is 
applied to the rock surface, the user then applies a vacuum within the probe and the rate of 
its decay is measured and converted to millidarcys using the following formula: 
T = −0.8206 log10(k) + 12.8737        (7) 
where T is time, and k is the permeability in millidarcys (md). This method of permeability 
measurement is reported to result in values up to 1.8 times higher than conventional lab 
based permeameter using core plugs on high porosity sandstones, which may be attributed 
to the effects of surface weathering, and measurement of a 2D surface rather than a 3D 
volume (Filomena et al., 2014). Therefore, outcrop measurements will be taken from sampled 
horizons to minimise the effect of weathering, taking the mean of ten readings, and core 
measurements will be taken every 0.5 m, again with an average of 10 measurements. 
Due to the probe aperture, with an internal diameter of 9mm, often being much larger than 
the thickness of the deformation bands, a permeability measurement representative of the 
deformation band is difficult to obtain without simultaneously measuring the higher 
permeability, undeformed host rock adjacent to the bands. Therefore, it is necessary to 
determine band permeability using other methods. 
Various methods for predicting permeability from other measurable rock properties exist, 
including from porosity, pore dimensions, grain size parameters, and mineralogy (Nelson, 
1994). Given the rigor in obtaining grain size distribution data for the samples using Petrog, 
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which includes various grain size and sorting statistics, three grain-size based methods for 
calculating permeability were chosen. 
The first method by Krumbein and Monk (1943), was derived from measuring permeability of 
sand packs of different sizes and approximately 40% porosity, with sorting controlled to be 
log-normal, and uses grain size as the main parameter: 
where k is permeability in darcys, dg is geometric mean grain diameter in millimetres, and σD 
is standard deviation of grain diameter in phi units, where phi = -log2(d). 
Calculations of permeability from Berg (1970) considers the effect of grain sorting on 
permeability and assumes that permeability will be controlled by the smaller grains in a 
packing of mixed sized spheres, and also relates permeability to porosity with the following: 
Where k is permeability in millidarcys, φ is porosity, d is mean grain size, and p is a sorting 
term which = P90 – P10 the percentile of grain diameter in phi units. 
A third method, derived from mercury injection data to relate permeability and porosity, and 
incorporating grain size and sorting, Baaren (1978) gives the following permeability 
calculation: 
Where k is permeability in millidarcys, φ is porosity, dd is mean grain size, m is a cementation 
exponent, and C is a sorting index which relates to the spread of grain size dmax - dmin. 
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The above methods will be used to calculate permeability for our deformation band samples. 
They will also be used to calculate permeability for host rock samples so they can be directly 
compared to permeability values obtained by probe permeameter, to establish which method 
correlates best with those obtained with the permeameter, and thus will be used for analysis 
of poro-perm relationships of deformation bands and host lithology. 
  




3.5. Fault damage zone measurements 
The spatial distribution, density and intensity of fault damage zones can be characterised 
using the PXY dimension based system which incorporates different dimensions of both the 
sampling method (x); in 1-dimension using scanlines, in 2-dimensions using areal 
measurements of sampling windows, or in 3-dimensions by measuring rock volumes, and the 
feature dimension (y); number of fractures (no dimension), trace length (1D), fracture area 
(2D) and fracture volume (3D) (Dershowitz and Herda, 1992)(Fig. 3.5). Fractures and joints 
have been well characterized in all 3 dimensions (Mauldon, 1998; Mauldon et al., 2001; 
Sanderson and Nixon, 2015), however measurements of deformation bands have typically 
only been measured in 1-dimension, measuring the number of bands along scan lines 
perpendicular to the fault plane or fault core, and expressed as number of bands per unit 
length, to provide a measure of frequency (P10) (Knott et al., 1996; Hesthammer et al., 2000; 
Du Bernard et al., 2002b; Johansen et al., 2005; Shipton et al., 2005; Johansen and Fossen, 
2008; Griffiths et al., 2016). Whilst this method may capture the overall spatial decay of the 
number with distance from the fault, there are many drawbacks to scanline sampling. The 
sample area is small, there is often bias in scanline location selection, resulting in a high 
degree of censoring,  and the potential for over- or under-sampling (Zeeb et al., 2013; Watkins 
et al., 2015). A worked example of this is shown in figure 3.5, with band intensity measured 
using both line transects and window sampling. Here line transect data is converted to 
length/area with assumptions of the bands length, geometry and orientation. Assuming that 
the bands sampled in a linear interval of defined length, in this example 15cm, are straight, 
and vertically inclined within the window area, we can estimate that 8 bands of length 15cm, 
have a 2-D intensity of 1.2m of bands per unit area. Results show that estimations of band 
frequency from scanline measurements have a high degree of uncertainty and are subject to 
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user bias when compared to window sampling. Additionally, line transects also do not capture 
geometric variations of the bands such as length, width or orientation and so estimations of 
2-D intensity from 1-D density are inaccurate and unrepresentative of the outcrop (Mauldon 
et al., 2001). To minimise these sampling issues, we employ the 2-D areal window sampling 
method using square quadrats, recording the 2-D trace length of the bands to record 
deformation band intensity (P21) expressed as m/m-2. Intensity is recorded in fault zones of 
different facies using square quadrats of one of three sizes; 15x15cm, 25x25cm and 50x50cm, 
depending on bed thickness and the sample area required to most accurately represent the 
fault damage zone for that bed. Trace length of deformation bands is measured, either in the 
field by hand or digitally from photographs, as well as thickness measurements of the bands 
within each window, providing a more accurate measure of intensity, reducing censoring, and 





Figure 3.5. The Pxy system for fracture measurements based on dimensions of feature and 
sampling method. One dimensional intensity P10 and two-dimensional intensity P21 





Figure 3.6. Deterministic model of fault zone development with increased displacement 
(Schueller et al., 2013). Different zones of varying deformation band intensity can be 
identified by the gradient of cumulative band intensity, to define damage zone width (Choi 
et al., 2016). Damage zone intensity is shown to be independent of displacement and may 




The deformation band density transects are plotted both as a function of deformation band 
frequency, as well as the cumulative number of deformation bands. Plotting the cumulative 
number of bands for fault zones shows the distribution of structures in the damage zone that 
can otherwise be difficult to interpret with conventional linear band frequency plots and 
provides a less subjective means of determining damage zone width (Choi et al., 2016). The 
average band density can be defined by fitting a trend line to the cumulative number of 
deformation bands and is represented by the gradient of the trend line (Figure 3.6). A plot of 
the cumulative number of deformation bands with distance for a series of deterministically 
modelled faults shows that the fault damage zone may be subdivided into a series of zones 
based on deformation band density defined by the line gradient; an inner zone of intense 
deformation, a medial zone of moderate deformation, and beyond that an outer zone, which 
may represent ‘background’ damage (Schueller et al., 2013). Therefore, the intersection of 
trend lines of the medial and outer zones can be used to quantitatively define the damage 
zone width. The average density of deformation bands within this defined damage zone width 
is shown to remain reasonably constant with increasing fault displacement and damage zone 
growth, and may instead be controlled by other factors, including lithology and the 
petrophysical properties of the sandstones. Cumulative band density is plotted for a number 
of different units adjacent to faults and their damage zones, in order to compare and 
determine the influence of lithology on damage zone intensity. 
Band width is recorded using digital Vernier callipers along each damage zone transect, 
allowing the measurement of cumulative width through a sequence. This may then also be 
used to calculate total fault rock volume for the purposes of estimating the effect on bulk 
permeability, as well as for the defining of fault facies based on fault rock volume (Braathen 
et al., 2009). 
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3.6. Experimental rock mechanics 
Deformation experiments were performed in the triaxial apparatus at the University of 
Liverpool Rock Deformation Laboratory. The triaxial apparatus (Fig. 3.7a) is capable of 
applying 250MPa of hydrostatic confining pressure, using silicone oil as a confining medium, 
and 200MPa of pore fluid pressure using either argon gas or de-ionized water. The samples 
are placed between the upper and lower parts of the sample assembly, encased in silicone 
and/or copper jackets, and sealed via O-rings (Fig. 7.5b & c). The sample assembly is then 
placed into the pressure vessel of the triaxial apparatus submerged in confining oil and 
secured via the top nut.  Pore fluid is introduced to the sample via two small diameter inlets 
at either end of the sample. Both confining and pore pressure systems are servo controlled, 
with volume monitored to a resolution of 0.1mm3. Hydrostatic experiments in which all 
stresses are equal: 
σ1 = σ2 = σ3 
are performed on samples by increasing the pressure of confining silicone oil in the triaxial 
vessel via an air-driven hydraulic pump. Pressure is measured via a transducer with a 
resolution of 0.007MPa. The triaxial experiments are performed under axisymmetric 
compression, with the principal stress (σ1) increased via a servo controlled, gear driven piston 
that can load samples axially up to 300kN, at displacement rates of between 0.1 and 23µms1, 
whilst σ2 and σ3 are applied by the confining pressure and held constant during axial loading: 
      σ1 > σ2 = σ3 
enabling loading of the samples to failure to desired states of stress in order to explore 
different kinematics and mechanisms of failure (Fig. 2.7). 
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A comprehensive overview of the sample preparation and configuration, and experimental 




Figure 3.7. (a) Schematic drawing of the triaxial deformation apparatus used for 
both hydrostatic and triaxial experiments. (b) Schematic drawing of the sample 
configuration prior to testing. 
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4. Study locations and lithofacies descriptions 
Field based studies of deformation bands have been the primary source of understanding of 
their occurrence and physical properties, as they act as direct analogues for sandstones in the 
subsurface (Aydin, 1978; Antonellini et al., 1994; Schultz and Siddharthan, 2005; Shipton et 
al., 2005; Solum et al., 2010; Schueller et al., 2013; Griffiths et al., 2016). Two mixed aeolian-
fluvial sandstone case studies are chosen for this study on the merit of hosting deformation 
bands within fault zones, having sufficient outcrop availability, and also providing useful 
analogues to many subsurface reservoirs of the UK Continental Shelf (UKCS) as hydrocarbon 
(Meadows and Beach, 1993; Williams and Eaton, 1993; Fisher and Knipe, 2001; Mark et al., 
2008), groundwater (Sternlof et al., 2006; Medici et al., 2019), geothermal (Hirst et al., 2015), 
and carbon capture and storage (CCS) reservoirs (Armitage et al., 2013). These two case 
studies, their stratigraphy, localities, lithofacies and deformation band occurrence are 
detailed below. 
4.1. Case study 1 – Cheshire Basin, UK. 
The Cheshire Basin provides a large, basin scale study, with the thickest accumulation of 
Permo – Triassic, mixed aeolian-fluvial stratigraphy in the UK of up to 4km. 
The basin has a complex tectonic history with many periods of compression and extension 
and is formed off the north-west edge of the Caledonian/Acadian basement structure of the 
Midlands Micro-craton. The basin is controlled by, and follows the NE-SW trend of the Wem 
– Red Rock Fault System (WRRF) located in the south of the basin, a transpressional thrust 
fault of the Acadian orogenic belt. 
Early Carboniferous back-arc extension led to normal movement on these faults, providing 
accommodation space for Carboniferous carbonates. By the late Carboniferous, extension 
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had ceased and thermal subsidence became the main driver for basin evolution (Waters and 
Davies, 2006). Basin inversion during the Variscan Orogeny is marked by an angular 
unconformity at the base Permo-Triassic sequence. Several local unconformities are also 
observed that may be explained by localized uplift on the crest of footwall blocks (Evans et 
al., 1993). 
Regional extension associated with the opening of the Atlantic created accommodation space 
for the Permo-Triassic stratigraphy. E-W extension was accommodated by N-S trending 
normal faults with dip-slip displacement that extend through the Cheshire and neighbouring 
East Irish Sea Basin (Knott, 1994), while the major basin controlling faults, the NE-SW Wem-
Red Rock Fault (WRRF) had oblique slip displacement. 
By early Cretaceous, extension had slowed and considerable erosion led to development of 
the Late Cimmerian Unconformity which marks the syn-rift to post-rift transition, offering a 
distinct horizon in the North Sea (KyrkjebØ et al., 2004). By mid-Cretaceous extension had 
concluded and structural control on basin development was insignificant, and regional 
subsidence became the main control on basin development 
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4.1.1. Stratigraphy of the Sherwood Sandstone Group 
The Sherwood Sandstone Group (SSG), formerly known as the Bunter and Keuper Sandstones, 
is a Triassic succession of continental sediments that outcrop across the UK from the Dorset 
coast to the north east coast of Teesside. Thick accumulations occur within fault-controlled 
basins such as the East Midlands Shelf, North Sea Basin, East Irish Sea Basin, Stafford Basin, 
and the Cheshire Basin. Lateral equivalents of the SSG in the East Irish Sea and North Sea 
provide economical oil and gas plays (figure 4.2), and the Cheshire Basin itself has potential 
economic importance as a shale gas (Andrews, 2013) and geothermal resource (Hirst et al., 
2015). Therefore, onshore outcrops of the SSG provide the ideal analogous study for these 
reservoirs, with three dimensional outcrops, and spatial and temporal variations in facies 
observed across the UK.  
Figure 4.1. Stratigraphy and geological map of the Cheshire Basin. The Helsby Formation is 
the main formation of interest, expressing the most facies variation within the Sherwood 




The SSG had previously been given a Germanic nomenclature and classification scheme (Hull, 
1869) in which UK Triassic units were broadly correlated with European formations of similar 
stratigraphic age. The names Bunter, a lower Triassic division, and Keuper, an upper Triassic 
division were used. Problems occurred in correlating these units as the middle Triassic 
Germanic unit Muschelkalk does not occur in Britain. This broad division of the Triassic also 
did not reflect the lithological and facies variation observed both at outcrop in the UK and in 
early boreholes. Acquisition of borehole data from the North Sea in the 60s and 70s led to 
further subdivision of strata based on lithological and biostratigraphical considerations from 
palynological studies. Palynological studies also revealed that the base and top of the SSG are 
diachronous, with base ages ranging from late Permian to early Triassic, and the top of the 
Figure 4.2. Stratigraphy of the Cheshire Basin, with lateral equivalents and petroleum 
reservoir sands of the East Irish Sea Basin, Shetland Basin, Northern, central and 




succession becoming younger from the Irish and North Seas towards the Midlands of England 
(Ruffell, 2003). 
The SSG comprises predominantly sandstones with small pebble conglomerates and 
occasional siltstones that are ascribed to terrestrial mixed fluvial and aeolian environments, 
with wet interdune deposits (Mountney and Thompson, 2002; Wakefield et al., 2015). There 
is regional variability in the dominant facies, with the East Midland Shelf dominated by 
braided fluvial facies and an absent of aeolian facies, whilst the western Cheshire Basin hosts 
a mixture of aeolian, interdune and fluvial facies. Its thickness varies throughout the UK but 
is estimated to be up to 1100m thick in the Cheshire Basin, based on observations in the 
Knutsford borehole (Griffiths et al., 2003). Present day division of the SSG comprises three 
formations; Chester Formation, Wilmslow Sandstone Formation, and the Helsby Sandstone 
Formation (Ambrose et al., 2014). 
4.1.1.1 Chester Formation 
Approximately 300m thick in north west England, this formation rests conformably, 
unconformably and disconformably on underlying units (Ambrose et al., 2014) and it is 
considered the base of the Triassic in many stratigraphical correlations (Audley-Charles, 
1970). It outcrops across the UK including the Devon coast where it is known as the Budleigh 
Salterton Pebble Beds. Here it is a coarse-grained conglomerate comprised of pebbles, 
cobbles and boulders, and interpreted as being close to sediment source, in this case the 
Variscan/Amorican Massif in the north of France. Contrary to what its name suggests, in the 
Cheshire Basin it comprises mostly of medium- to coarse-grained sandstones with only 
occasional pebbly units that become rarer in the north of the basin. In the eastern margin of 
the Cheshire Basin an unconformity at the base of the Chester Formation occurs and may 
coincide with uplift and erosion on the footwall blocks of major basin controlling faults (Evans 
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et al., 1993). The formation shows an overall fining upwards trend with the interbedding of 
siltstones and mudstones toward the top. The upper boundary may be defined by a change 
in dominant facies from fluvial deposition to that of aeolian deposition in the overlying 
Wilmslow Sandstone Formation, as well as decrease in the level of cementation, strongly 
cemented by carbonate cements, in contrast to the overlying Wilmslow Sandstone Formation 
which is poorly cemented.  
4.1.1.2 Wilmslow Sandstone Formation 
The thickest unit of the SSG succession is observed at 900m depth in the Knutsford borehole 
in the north east of the basin, where it is approximately 950m thick (Fig. 4.1). This unit also 
occurs in the depocentre of the basin in the Prees borehole, but is observed to be significantly 
thinner at up to 550m thick (Evans et al., 1993). In the Cheshire Basin the formation 
predominantly comprises fine- to medium-grained cross bedded sandstones of aeolian origin, 
with well-rounded and frosted grains, with minor thin siltstone beds. The formation is 
generally poorly cemented and friable, much softer than the underlying Chester Formation, 
from which it can be distinguished. Its poorly cemented and friable texture makes this 
formation particularly susceptible to faulting and the formation of deformation bands.  
4.1.1.3. Helsby Sandstone Formation 
The Helsby Sandstone Formation lies disconformably on the Wilmslow Sandstone Formation 
and is approximately 250m thick (Ambrose et al., 2014). A both temporally and spatially 
variable sandstone, a northward facies change is observed from fluvial to increasingly aeolian. 
It was originally subdivided into three main units according to the dominant facies (Thompson 
(1970); The lowermost Thurstaston Sandstone Member comprises a hard bed of aeolian 
cross-bedded sandstones and other less cemented cross-bedded sands and interdune fines. 
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The middle fluvial floodplain Delamere Sandstone Member comprises three units, a middle 
unit of laterally extensive soft yellow aeolian sandstones, which is under- and overlain by 
cross-bedded and pebbly, fluvial sandstones. Lastly, the uppermost Frodsham Sandstone 
Member is dominated by large-scale aeolian cross-bedded facies (Mountney and Thompson, 
2002). More recent mapping of the Cheshire Basin places the lower boundary of the Helsby 
Sandstone at the unconformable base of the Delamere Member, with the Thurstaston 
Member included within the Wilmslow Sandstone Formation (Meadows, 2006; Ambrose et 
al., 2014). 
Due to the facies heterogeneity across relatively small scales, the Helsby Formation and parts 
of the upper-most Wilmslow Formation are chosen as the primary subjects of this study. 
4.1.2. Deformation bands in the Cheshire Basin 
Deformation bands are a prevalent feature of fault zones within the Cheshire Basin, and can 
be observed at outcrop along the basin’s periphery, where outcrops of Wilmslow and Helsby 
Sandstones, with their favourable properties, are plentiful. However, the study of 
deformation bands in this region is lacking when compared to other regions such as those in 
Utah, U.S.A. and Provence, France. Bands were first identified here during the early 1990s out 
of necessity of understanding fault zones within the neighbouring East Irish Sea Basin, where 
oil and gas is produced from the Ormskirk Sandstone, for which the Helsby Sandstone is 
analogous. Whilst the deformation bands themselves were not studied in any great detail, 
they are the main structural element of fault damage zones and were grouped as faults in the 
classical sense. Knott (1994) established fault displacement versus damage zone thickness 
relationships using a number of localities; Thurstaston, Heathfield, Bidston and Helsby, in 
order to establish the fault sealing potential. A similar regional study of fault zones was 
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conducted by Beach et al. (1997) in order to calculate fault transmissibility with displacement-
width scaling relationships.  
More detailed work on deformation bands in the Cheshire Basin was conducted by Rowe and 
Burley (1997). A major fault was studied through a variety of lithologies, with an aim to 
understanding the paragenesis of the SSG with application to the East Irish Sea Basin oil and 
gas prospects. Deformation bands were identified as the major structural feature of the fault 
zone and a major modification to the porosity in addition to mineralization. They were found 
to baffle formation brines and lead to cement precipitation in the footwalls of the shear 
bands. The lithological variation in the sandstones at this locality and sporadic occurrence of 
deformation bands suggests a lithofacies control on deformation band development, and 
thus a control on poro-perm modification. 
In a recent study by Griffiths et al. (2016) on the Thurstaston Sandstone Member of the Helsby 
Sandstone Formation at its type locality, the occurrence and properties of deformation bands 
in relation to host rock properties was investigated. It found that fault zones were less 
pervasive in fine-grained sub-arkosic interdune facies, and more pervasive in coarse-grained 
arenitic aeolian facies. Grain size was identified as the major control on deformation band 
formation, secondary to mineralogy. In both cases, porosity was reduced by 60%. 
4.1.3. Localities 
The localities on which this study is based are situated along the periphery of the basin (Fig. 
4.1), where the upper-most Sherwood Sandstone Group, which represent the most 
heterogeneity in terms of lithofacies, can be observed in outcrop and/or in shallow 
observatory boreholes for which core recovery is generally good. Localities are logged (Fig. 
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4.10) and sampled, with a description of the facies variability present at each locality, as well 
as a general description of fault and deformation band occurrence, described below.
Figure 4.3. (a) Geological map of Helsby including the study areas and major faults of 
interest. (b) Helsby Hill Fault with extensive deformation band damage zone. (c) 
Deformation bands within aeolian beds of Helsby Quarry. 
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4.1.3.1. Helsby Hill (Grid ref: 349500 375500) 
At Helsby, the type locality for the Helsby Sandstone Formation, outcrops display a 
dominance of fluvial facies. At the base of the succession in Helsby Quarry, aeolian dune, 
interdune and fluvial facies compete, with bed scales on the order of 0.2m – 2m, creating 
lithological heterogeneity in terms of grain size, sorting and porosity, with clean and texturally 
mature aeolian beds and relatively poorly sorted and texturally immature fluvial beds 
interbedded with mudstones (Fig. 4.8d). Further up the succession on Helsby Hill, fluvial facies 
become the dominant facies displaying lithological variability in varied levels of grain size, 
sorting and occurrence of mud and pebble clasts in the form of fluvial lag in fluvial channels, 
bars, and overbank facies with bed and facies scales on the order of 1m–8m thickness (Fig. 
4.8b). Two major faults cut through the Helsby area, the Dungeon Banks Fault strikes N-S just 
west of Helsby Quarry, while a smaller fault strikes NE-SW through Helsby Hill with 
approximately 7m of normal displacement (Fig 4.3). At Helsby Quarry, deformation bands 
strike parallel to the Dungeon Banks Fault at 174o with a conjugate geometry, dipping 64.7o 
and 76.6o east and west respectively, with an intersection angle of 38.8o (Fig. 4.9b i). Further 
east deformation bands rotate slightly to strike 134-155o parallel to the Helsby Hill Fault (132o 
59o SW) dipping 59.5o and 65.1o with an angle of intersection of 58o (Fig. 4.9b ii).  
4.1.3.2. Grinshill (Grid ref: 351927 323701)  
At Grinshill a gradual facies change is observed from a predominantly aeolian environment in 
the Wilmslow Sandstone Formation, to a fluvial environment of the Helsby Sandstone 
Formation. The former is dominated by large scale, high porosity texturally mature aeolian 
dune beds displaying high angle cross bedding and grain-flow and grain-fall laminations. 
Individual bed scales are on the order of 2m – 6m, with successions of these beds up to 20m 
in thickness (Fig. 4.8e). The transition into a fluviatile environment is not directly observed 
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due to a break in outcrop. The upper most beds are characterised by poor level of sorting, 
mud intraclasts and channel geometries. Beds are of the order of 2m–6m thick (Fig. 4.8c). 
Both aeolian and fluvial beds are affected by deformation bands relating to two pairs of faults. 
At Grinshill, two pairs of fault structures and therefore two sets of conjugate deformation 
bands are evident. The first are a series of NNE-SSW trending fault zones exposed in the 
hillsides with minor <0.5m displacements, synthetic and antithetic to the Brockhurst Fault 
situated to the east, a splay fault of the basin-controlling Wem Fault structure. The second 
are a series of normal faults perpendicular to these striking NW-SE (Fig. 4.4), with fault planes 
exposed in Corbet Wood with a series of synthetic slip surfaces displacing aeolian lithologies 
with <0.5m displacement. Deformation bands are the primary structural element of damage 
zones to both of these fault pairs. In the east of the locality deformation bands strike 
approximately 115o, parallel to the major fault plane (126o 73o NE), with a conjugate geometry 
dipping ~73o with an intersection angle of 35o (Fig. 4.9a i). Moving west the damage zone of 
the NNE-SSW faults become apparent with another set of conjugate deformation bands 
striking 015o, parallel to the major fault plane (026o 72o NW), dipping 62o and 80o with an 
intersection angle of 40o (Fig. 4.9a ii). Further west the NNE-SSW deformation bands 





Figure 4.4. (a) Geological map of Grinshill including major faults of interest. (b) Two 
structural trends in deformation bands corresponding to two major faults. (c) A dense 
deformation band zone containing a deformation band cluster. 
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4.1.3.3. Thurstaston (Grid ref: 324376 384673)  
Thurstaston, the type locality for the Thurstaston Sandstone Member of the upper Wilmslow 
Formation, displays a ~6m thick succession of aeolian dune facies sandstones in cross-section 
along Telegraph Road (Fig. 4.5b). Individual beds are of the order of 0.5m-1m thick, and 
lithologies are fine- coarse-grained, extremely well-sorted and well-rounded, asymptotic 
cross-bedded sandstones, and for the most part poorly cemented, with the exception of the 
Thurstaston Hard Bed, a bed of extremely well cemented aeolian sandstone. A series of three, 
approximately E-W trending normal faults are observed in a ~ 3m section of coarse-grained 
lithofacies which display damage zones of deformation bands. Displacements on these faults 
are estimated at 7, 19.5 and 64 cm. 
Figure 4.5. (a) Geological map of Thurstaston including study area and major faults of 
interest. (b) Two faults observed in the road cutting on Telegraph Road displace beds of 
quartz arenite and sub-arkosic sandstones. 
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4.1.3.4. Alderley Edge (Grid ref: 386085 377842)  
In the east of the basin at Alderley Edge there are localised pebble conglomerates that 
represent alluvial fans that originated from the fault scarps of the basin-bounding WRRF 
(Ambrose et al., 2014). Alderley Edge is a tilted horst block between two major N-S trending 
faults on the eastern edge of the Cheshire Basin, within which are a series of WNW-ESE 
oriented normal faults are host to mineralisation and mine workings. These faults strike 
approximately 100-110o dipping ~70o NNW. Deformation bands in the damage zone of these 
faults strike approximately 120o in conjugate sets dipping 68.7o and 80.1o to the NNW and 
SSE respectively with an angle of intersection of 31.3o (Fig. 4.9d). 
Figure 4.6. (a) Geological map of Alderley Edge including study area and major faults of 




Figure 4.7. Geological map of the Nesscliffe locality including the highlighted study 
area in Nesscliffe Country Park. Between two approximately E-W striking faults. 
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4.1.3.5. Nesscliffe  (Grid ref: 338432 , 319360) 
The Nesscliffe locality provides a thick ~30 m succession of high-porosity, well-sorted, fine-
grained aeolian sandstones of the lowermost Thurstaston Member of the Helsby Sandstone 
Formation (Fig. 4.8f). It is very well-cemented, distinguishing it from the underlying aeolian 
Wilmslow Sandstone Formation. No fault planes are directly observed at Nesscliffe, although 
deformation bands occur throughout the outcrops relating to damage zones of major W-E 
structures to the north and south of the field locality as part of the major basin-controlling 
Wem Fault system (Fig. 4.1 & 4.7). Deformation bands dip at high angles to the north and 
south at 81o and 84o respectively, with an intersection angle of 18.6o (Fig. 4.9c). 
4.1.3.6. Saughall Massie (Grid ref: 324313 388446) 
The Saughall Massie borehole records up to 150m strata, with ~30m of the upper-most Helsby 
Sandstone Formation. Fluvial channel facies are recorded at the base in the Delamere 
Member, represented by a ~6m thick succession of medium- coarse-grained, cross-bedded 
sandstones containing sporadic mud intraclasts. This is succeeded by an aeolian sequence of 
fine- medium-grained, cross-bedded and massive aeolian sandstones of the Frodsham 
Member, and a subordinate interdune mudstone bed. Aeolian beds are heavily deformed by 
cataclastic deformation bands (Fig. 4.8h). Deformation band orientation from core is recorded 
relative to the orientation of the slabbed face of the core as opposed to north, in order to 
observe their relative geometry. Deformation bands also display conjugate geometries with 
two opposing dipping sets. Assuming a vertical borehole, deformation bands dip at 63o and 







4.1.3.7. Abbey Arms Wood (Grid ref: 356418 368133) 
The Abbey Arms Wood borehole shows approximately 100m succession of the upper-most 
Wilmslow Sandstone Formation and the lowermost Helsby Sandstone Formation, recording 
a transition from an arid aeolian environment to a wet fluviatile environment. The Wilmslow 
Sandstone Formation comprises a thick ~40m succession of fine-grained silty sandstones of 
aeolian sand sheet/sabkha origin, evident by irregular and wavy laminations of fine sand and 
silt deposited on a damp substrate. A change of environment is observed with an increase in 
grain size and poorer level of sorting, as well as the presence of cross-laminations, 
representing fluvial sheet flood deposits providing more heterogeneity in terms of lithologies, 
and bed thickness variations on the order of 1m – 2 m. The Helsby Sandstone is marked by an 
erosive base of medium- coarse-grained, poorly-sorted sandstones of fluvial channel facies 
interbedded with interdune mudstones. This succession displays a high degree of lithological 
heterogeneity with bed thicknesses of 1m – 2m. 
Figure 4.8. (a) Fluvial Helsby Formation eroding into aeolian units of the Wilmslow 
Formation at Bickerton. (b) Fluvial sequences of the Delamere Member observed at Helsby 
Hill show pebbly channel sandstones, and cross bedded and rippled fluvial bars. (c) Faulted 
fluvial channel units at the top of Grinshill. (d) Interbedded fluvial muds and fine sands at 
Helsby Quarry show the transition to a fluvial dominated environment. (e) Synthetic faults 
cut through a massive aeolian sequence at Grinshill. (f) Massive aeolian sequences 
transition to fluvial at Nesscliffe. (g) Deformation bands in heterolithic fluvial sheet flood 
beds of the Wilmslow Formation in the Holcroft Lane borehole. (h) Deformation bands in 
aeolian sandstones of the Frodsham Member of the Helsby Sandstone Formation in the 
Saughall Massie borehole. 
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4.1.3.8. Holcroft Lane (Grid ref: 367808 394482) 
The Holcroft Lane borehole records approximately 35m of stratigraphy through older strata 
of the Chester Formation and the lower boundary of the Wilmslow Sandstone Formation. This 
records a transition from fluvial facies, with poorly-sorted, fine-grained sandstones with mud 
intraclasts, to fluvial sheet flood deposits characterised by poorly-sorted, laminated and 
heterolithic sandstones, into aeolian sabkha facies, similar to those observed in the Abbey 
Arms Wood borehole. Bed thicknesses are on the order of decimeters. Coarser grained 
lithofacies of the fluvial sheet flood association are affected by a minor fault characterised by 
cataclastic fault gouge, slickensides and slickenlines, with adjacent cataclastic deformation 
bands.  
4.1.3.9. Woodlane (Grid ref: 354440 364860) 
The Woodlane borehole records a short and incomplete 10m succession of the upper-most 
Frodsham Member of the Helsby Sandstone Formation. The member is characterised by a 
heterolithic succession of fine- coarse-grained, poorly sorted, silty sandstones of fluvial sheet 




Figure 4.9. Equal area stereonet plots showing structural data for the localities across the 
Cheshire Basin study: (a) Grinshill. (b) Helsby. (c) Nesscliffe. (d) Alderley Edge. (e) Saughall 
Massie. (f) Thurstaston. Plots show poles to deformation bands with mean planes in red in 






Figure 4.10. Sedimentary logs of outcrop and core localities coloured by facies association. 
Permeability logs are shown adjacent to core logs. 
75 
 
4.2. Facies Associations 
A high degree of facies variability is observed across the Cheshire Basin localities, with many 
different scales and degrees of heterogeneity, recording both regional and local trends in 
depositional environment. A total of seven facies associations are identified; aeolian dune, 
aeolian interdune, aeolian sabkha, fluvial sheet flood, fluvial channel, fluvial bar forms and 
fluvial overbank. 38 samples of these facies were taken for petrographic analysis which are 
summarised in table 2 with lithology descriptions and bed thickness scales for each facies. The 
seven facies associations identified each present characteristic textural, compositional, and 
petrophysical characteristics. Representative examples of each of the facies associations are 
shown by optical photomicrographs in figure 4.11. Identification of facies associations is made 
difficult in core, less so in outcrop, due to the interbedded nature of both competing aeolian 
and fluvial systems, and therefore reworking of aeolian sediments within fluvial systems. Beds 
of both aeolian and fluvial facies are typically red in colour by grain coating iron-oxide cements 
formed during or soon after deposition under oxidising redox conditions.
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Table 2. Samples of undeformed host facies and their properties. 
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4.2.1. Aeolian Dune 
Aeolian dune facies record grainfall-grainflow laminations of dune foresets, of fine- coarse 
grained, very well- sub-rounded, predominantly quartz clasts with minor amounts of feldspar. 
(Fig. 4.11a). The highest porosity units are aeolian dune facies, with values on average 22% 
and as high as 26% (Fig. 4.11a). Compositionally, all aeolian dune facies are classified as quartz 
arenites, with in excess of 90% quartz, <5% of feldspar and lithic grains (Fig. 4.12b). Results of 
permeability measurements using the handheld mini-permeameter are presented In a box 
and whisker plot showing the variability in permeability for each lithofacies (Fig. 4.12a). 
Aeolian dune facies record mean permeability of 9500md, with a large range with as low as 
1000md to as high as 18000md. 
4.2.2. Aeolian Sand sheet 
Aeolian sand sheet facies are characterised by very well-sorted and rounded grains, that are 
often bi-modal in grain-size with laminations of both fine and coarse-grained clasts (Fig 4.11c). 
Both aeolian and fluvial sheet facies show much more variability in porosity owed to their 
heterolithic laminae and mixture of both aeolian and fluvial sediment sources and bi-modal 
grain size distributions, with average porosity values of 15% (Fig. 4.11c & e). Aeolian sand 
sheets classify as quartz arenites to subarkose sandstones, with >82% quartz, up to 10% 
feldspar and lithic grains (Fig. 4.12b). Permeability values for aeolian sheet facies are low, with 








Figure 4.11. Optical photomicrographs of examples of six facies associations. Refer to logs 
(Fig 4.10) for sample locations. (a) Aeolian dune facies from the Saughall Massie borehole. 
Well-sorted, sub-rounded clasts of quartz and minor amounts of feldspar. (b) Fluvial 
channel facies from Helsby. Poorly-sorted, angular clasts of quartz, feldspar and minor 
clays. (c) Aeolian sand sheet from the Abbey Arms Wood borehole. Bi-modal grain-size 
distribution of very well-rounded coarse clasts and sub-rounded fine clasts. (d) 
Interdune/overbank facies from the Holcroft Lane borehole. Fine-grained, moderately-
sorted grains in a muddy-silty matrix. (e) Fluvial sheet facies from the Holcroft Lane 
borehole. Bi-modal grain-size distribution with laminations of large, sub-angular grains, 
and fine-grained muddy clasts. (f) Fluvial bar form facies from Helsby. Moderately well-
sorted, sub-angular, medium-grained quartz arenite. 
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4.2.3. Aeolian Interdune/Overbank 
Aeolian interdune and fluvial overbank facies record very similar lithologies, characterised by 
mudstones, fine-grained ‘dirty’ sandstones bound by clays and silts (Fig. 4.11d) and finer 
grained rippled sandstones, with composition varying from subarkose to litharenite in those 
with greater mud content (Fig. 4.12b). Lower porosity hosts are generally of aeolian interdune 
and fluvial overbank facies, with average porosity of 9.5 %, due to fine-grained and poorly-
sorted sediments. Mean permeability for both associations is approximately 800md. 
4.2.4. Fluvial Sheet Flood 
Fluvial sheet flood deposits are characterised by heterolithic laminations of fine-grained and 
coarse-grained, moderate to poorly-sorted, sub-rounded to angular sandstones (Fig. 4.11e). 
that range from quartz arenites, subarkose and sublitharenite composition (Fig. 4.12b). A 
mean porosity of 14% is recorded, and a mean permeability of 1900 md (Fig. 4.12a). 
4.2.5. Fluvial Channel facies 
Fluvial channel facies are characterised by medium- coarse-grained, sub-angular to angular, 
moderate- poorly-sorted sandstones. Channels are often identified by basal lag comprising of 
pebbles and clay rip up clasts. Clay grains and grain coatings are also abundant, ranging from 
3-10%, and with quartz in excess of 85% and up to 10%, classify from quartz arenite to sub-
litharenites (Fig 4.11b & Fig. 4.12b). Both fluvial bar and channel facies show slightly lower 
porosities than aeolian facies due to more immature grain textures, with average porosity 
values of 18% (Fig 4.6b), and mean permeability of 2100 md (Fig. 4.12a). 
4.2.6. Fluvial Barforms 
Fluvial bar-forms are identified by lateral accretion of bedforms, of moderately sorted, fine- 
medium-grained sandstones that are compositionally more mature than channel deposits 
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(Fig. 4.11f), ranging from quartz arenite to sub-arkose composition (Fig. 4.12b). Porosity 
values are high with a mean of 18%, and a high mean permeability of 11000md, with a large 
range of variability (Fig. 4.12a). 
  
Figure 4.12. (a) Box and whisker plot of permeability by facies association. (b) Ternary 
diagram showing the abundance of quartz, feldspar and lithic grains for the lithofacies 











4.3. Porosity – permeability relationship 
Calculations of permeability were made using equations 1, 2 and 3 covered in section 3.3. 
Results show when compared to permeability data measured with the handheld mini-
permeameter, there is a strong correlation between estimation of permeability using the Berg 
method, equation 2 and the measured results (Supplementary material fig. 1). Permeability 
calculated using equations 1 and 3 show very little correlation with measured results, 
significantly underestimating permeability. Therefore, equation 2 will be used to estimate 
permeability of deformation bands in future analysis. Results of porosity measurements from 
thin section image analysis are plotted with permeability measurements both in the field 
using the mini permeameter, and calculated using the Berg equation (Fig. 4.13). Both trends 
show a power law relationship. The trend of calculated values shows a rapid decline in 
permeability for porosities of <10%. Data from the Abbey Arms Wood borehole, sampled 
from the Wilmslow and Helsby sandstone using a similar handheld mini permeameter, is 
included for comparison. This data shows a similar power law trend to our measured values, 




Figure 4.13. Porosity versus permeability for undeformed samples of the upper Sherwood 
Sandstone. Both measured permeability shown in green, and calculated permeability in 
red, show a power law relationship. Data from the Abbey Arms Wood borehole, obtained 
using mini permeameter are shown for comparison (Bloomfield et al., 2006) 
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4.4. Case Study 2 - Devonian Old Red Sandstone, Pease Bay, Scotland 
The study location is situated in Pease Bay of SE Scotland, and lies 2.5 km west of Siccar Point, 
the famous site of Hutton’s Unconformity, and provides up to 80m of coastal outcrop of 
fluvial–aeolian sandstones, siltstones and mudstones of the late-Devonian aged Old Red 
Sandstone (ORS) (Fig. 4.14). The ORS of Scotland was deposited from approximately 400Ma 
to 330Ma in the Orcadian Basin that extends offshore from the Moray Firth of Scotland to the 
Shetland Islands in the north and Norway in the east, the Midland Valley of Scotland, and the 
Central North Sea High, and is up to 4 km thick at its depocentre. The ORS is broadly divided 
into Lower, Middle and Upper Groups according to the dominant facies, conglomeratic, 
lacustrine, and aeolian-fluvial respectively (Browne et al., 2002) . The upper aeolian-fluvial 
sandstones prove to be large and economical reservoirs, as evident in the Clair Field, West of 
Shetland, the largest hydrocarbon reserve on the UKCS (Trewin, 1989; Forbes, 1993; Mark et 
al., 2008).  
4.4.1 Stratigraphy of Pease Bay 
The Upper ORS is the main focus of this study, and is exposed onshore along the periphery of 
the Orcadian Basin and the Midland Valley, along much of the coast of East Lothian, Scotland, 
from Siccar Point in the south, along the borders of the Moray Firth, to the Shetland Islands 
in the north. The group can be divided in to three formations; the Devonian Greenheugh 
Sandstone and Redheugh Mudstone Formations, and part of the Carboniferous Kinnesswood 
Formation (Browne et al., 1999; Browne et al., 2002). Both the Devonian Greenheugh 
Sandstone Formation and a small part of the Carboniferous Kinnesswood Formation outcrop 
at Pease Bay (Fig. 4.14). The Greenheugh Sandstone Formation comprises red-brown, 
medium- to coarse-grained sandstones of both aeolian and fluviatile origin, with subordinate 
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mudstones and siltstones. The Kinnesswood Sandstone Formation shows similar facies to that 
of the Greenheugh, and is differentiated by the occurrence of pedogenic carbonate horizons 
and nodules locally known as ‘cornstone’ (Andrews and Nabi, 1994). Strata young northwards 
where they are displaced in a normal sense by the ENE-trending Cove Faults that are 
considered part of the Southern Uplands Fault System. Historical accounts of deformation 
bands in the ORS use outcrop examples from Orkney and the Moray Firth, and have focused 
largely on their sealing or conduit capability in relation to the timing of maturity of the source 
rocks, where it is believed that bands pre-date hydrocarbon generation and acted as barriers 
to the hydrocarbon charge of stratigraphically higher reservoirs (Hippler, 1993; Parnell et al., 
2004; Farrell et al., 2014). In Pease Bay, a number of outcrops display intense deformation 
associated with faulting, with some also displaying localised fault planes with relatively small 





Figure 4.14. Location and geological map of the study area including mapped localities and 





Beds of the Greenheugh Sandstone Formation crop out at both ends of Pease Bay as well as 
at Red Rocks, in cliff sections exposed at low tide. They comprise interbedded mudstones, 
siltstones, and sandstones of aeolian and fluvial origin, which dip approximately 20° to the 
north-north-east. They are also exposed in the steep headland north of the bay in small 
outcrops to which access is limited. Several fault zones, with both observable and inferred 
faults, are identified across the bay and provide the localities on which the study is based (Fig. 
4.14).  
4.4.2.1 Fault Damage Zone 1 (FDZ1) 
At Locality 2 (Grid Ref: 378943 671293; Fig. 4.14) a major fault is observed by an intense zone 
of deformation indicated by cataclastic rock textures. Bedding and other sedimentary 
structures such as laminae are destroyed by the intense deformation. There is evidence of 
diagenetic alteration with a distinct change in colour of the sediments from an oxidised red, 
to a bleached beige colour. A fault is not directly observed. It is inferred that faulting follows 
the regional trend of the extensional faulting further north at Cove Bay (Fig. 4.14) and this 
fault zone downthrows to the south. More distal continuation of this fault damage zone is 
observed at Locality 3. 
4.4.2.2 Fault Damage Zone 2 (FDZ2) 
Locality 3 (Grid Ref: 378940 671269; Fig. 4.14) displays intense localised deformation with a 
complex and dense network of deformation bands and band clusters (Fig.4.15b). Bands show 
a conjugate geometry with a mean angle of intersection of 48.9°, dipping at high angles both 
north and south with a mean strike of 82° (Fig. 4.16a). The outcrop displays possible fault-
controlled fluid flow with similar bleaching and diagenetic alteration observed at Locality 2 
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on one side of a cluster of deformation bands, with red oxidation preserved on the other side 
of the cluster. Most pre-existing sedimentary structures in this damage zone are destroyed, 
with only thin millimetre scale laminations showing offsets by deformation bands and minor 
slip surfaces. 
4.4.2.3 Fault Damage Zone 3 (FDZ3) 
A minor fault at Locality 4 (Grid Ref: 378960 671246; Fig. 4.14) is evidenced by a cataclastic 
fault core of approximately 30cm width, comprised of a dense cluster of cataclastic 
deformation bands with strike and dip of 087°/54° S (Fig. 4.16b). Only the footwall damage 
zone is exposed here, and therefore there is no marker for determining displacement. 
Deformation bands have a mean strike and dip of 099°/47° S (Fig. 4.15c). Logs show a similar 
facies trend to that of Locality 1, with texturally and mineralogically clean, medium grained, 
cross-bedded sandstones of aeolian origin, incised by texturally immature, coarse-grained 
fluvial sandstones (Fig. 4.17). Fault damage zone density transects are recorded in four units 
of fluvial facies association (FA3 and FA4); 1) a poorly-sorted, medium-grained, trough cross-
bedded sandstone (1m thick), 2) a thin mudstone horizon (15cm thick), 3) a laminated fine-
grained sandstone (30cm thick), and 4) a medium-grained cross-bedded sandstone (60cm 
thick) (Fig. 4.15c). 
4.4.2.4 Fault Damage Zone 4 (FDZ4) 
At Locality 5 (Grid Ref: 378939 671218; Fig. 4.14) ~6m thick beds of clean and texturally 
mature, fine- to medium-grained sandstones of aeolian dune facies association (FA1), display 
an extensive ~25m fault damage zone, containing deformation bands and minor slip surfaces 
(Fig. 4.15d), that match the structural trends of localities 3 and 4. Deformation bands have a 
conjugate geometry with an intersection angle of 50°, with a mean strike of 085° (Fig. 4.16c). 
It is unlikely this damage zone is related to the small fault observed at Locality 4 due to the 
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low levels of deformation there, as this would suggest an unrealistically high level of 
asymmetry between footwall and hangingwall damage. The damage zone is therefore 
inferred to be a more distal representation of the damage seen at Locality 3 in the hangingwall 
of the major fault zone. 
4.4.2.5 Faut Damage Zone 5 (FDZ5) 
At Locality 6, locally known as Red Rocks (Grid Ref: 379111 671082; Fig. 4.14), a ~30m thick 
cliff section exposes damage zones of minor faults (<2m displacement) within mixed 
sequences of mudstones and sandstones (Fig. 4.15f). This sequence displays a high degree of 
lithofacies variation, with well-sorted, fine-grained, trough cross-bedded sandstones of 
aeolian origin at its base, incised by erosional poorly-sorted, coarse-grained fluvial sandstones 
with pebble lags. These are followed by a relatively thick succession of laminated mudstones 
interbedded with fine- to medium-grained sandstones of fluvial overbank and floodplain 
association (Fig. 4.17). A fault damage zone is observed in a small sequence of mudstones and 
sandstones in the footwall of a minor fault with ~1.5m displacement and strike and dip of 
096°/66° S. Deformation bands within the sandstones, and fractures within mudstones are 
the main damage zone elements and display a conjugate geometry to the main fault plane, 
with an intersecting angle of 58°, and mean strike of 087° dipping both north and south at 
low angles to the main fault (Fig. 4.16d). Two antithetic slip surfaces also occur within the 
damage zone dipping steeply to the north, showing 7cm and 18cm offsets of mudstone 
laminations (Fig. 4.15e). These slip surfaces occur as single fractures within the thick 
mudstone unit, and as deformation bands in the underlying sandstones. Fault damage zone 
density transects are recorded in three units; 1) a laminated mudstone (1.22m thick), 2) a 
fine-grained laminated sandstone (30cm thick), 3) a medium-grained, trough cross-bedded 







Figure 4.15. (a) Outcrops in the hillside of Pease Bay showing localities and major faults 
and fault damage zones.  (b) Locality 3 displays a highly deformed and complex zone of 
deformation bands associated with an inferred fault to the north toward locality 2. (c) A 
fault displaces a small succession of fluvial sandstones of varying grain sizes as well as a 
minor mudstone horizon. Deformation band density and thickness are recorded for each of 
the beds. (d) Locality 5 displays a 25m damage zone of deformation bands within aeolian 
beds. (e) Fault zone at locality 6 in which a sequence of mudstones and small channel 
sandstones are displaced by a fault with approx. 1.5m throw, and a pair of antithetic faults 
with displacements of 7 and 18cm. Damage zone density is measured in the three beds 
indicated. (f) Locality 6, Red Rocks, displays faulted beds of aeolian and fluvial facies 





Figure 4.16. Equal area stereonet plots of deformation bands and faults for (a) Locality 3, (b) 
Locality 4, (c) Locality 5, and (d) Locality 6.  The same structural trend is observed across the 
bay, with east-west trending faults and conjugate sets of deformation bands at low angle to 




4.4.3. Undeformed Lithofacies and Facies Associations 
Sedimentary logs were taken at localities 1, 4 and 6, describing lithofacies variation through 
a combined total of ~28.5 m (Fig. 4.17). Logs record beds of the Greenheugh Formation, with 
beds of both fluvial and aeolian, sandstone, siltstone and mudstone lithofacies, that offers 
more lithological heterogeneity and contrast over a thinner overall thickness than the 
stratigraphy of the Cheshire basin, and at smaller bed scales, with bed thicknesses of the order 
of 0.5m – 3 m. A total of four facies associations are identified at Pease Bay, aeolian dune, 
aeolian interdune, fluvial channel, and fluvial overbank and floodplain deposits. A summary 

















Figure 4.17. Sedimentary logs across Pease Bay recording lithofacies and facies association 
variation across three localities. Logs show the overall facies change within the Upper 
Devonian Greenheugh Formation. Recording a predominantly arid wind-blown environment 








The lithofacies presented in both the Cheshire Basin and Pease Bay case studies provide 
sufficient facies variability for the purposes of studying the control of facies on deformation 
band development. Mixed aeolian-fluvial successions display complex facies interactions 
resulting in heterolithic sequences in terms of lithological properties, such as porosity, grain 
size and sorting. The Cheshire Basin localities display thick (up to 20m) sequences of 
predominantly sandstone lithologies with wide variations in textural and petrophysical 
properties. At Pease Bay, thinner beds and successions are observed (<3m), with more 
interbedded sequences of mudstones, siltstones and sandstones, offering additional insight 
into the role of bed thickness and mechanical stratigraphy. In terms of reservoir quality, 
aeolian dunes and fluvial barforms are the primary reservoir units, with high porosities of 
between 15% - 26%, and permeability of 1000md-35000md. Texturally, these units show a 
high degree of variation in terms of grain sorting, roundness and sphericity. Aeolian sediment 
is typically well rounded and spherical, whilst fluvial sands show less roundness and sphericity. 
Although there are distinctions between aeolian and fluvial sediment sources, many fluvial 
beds show reworking and mixing of sources, typical of a competing aeolian and fluvial 
environment (Cowan, 1993; Priddy and Clarke, 2020). Lower reservoir quality units are 
typically basal channel lag deposits with high clay intraclast contents, fluvial overbank 
mudstones and siltstones, and aeolian interdune mudstones and siltstones, with porosities of 
6% - 10%, and permeabilities of less than 1000md. The Helsby and Wilmslow Sandstone 
Formations sampled show little mineralogical variability, which whilst a limitation of the study 
















5. Microstructure and petrophysical properties of deformation bands. 
As discussed in the introduction chapters, the microstructural and petrophysical properties 
of deformation bands are strongly controlled by the kinematics of their formation, and the 
mechanism/s by which they form (Fossen et al., 2007), which may be controlled by the 
physical properties of the undeformed host rock, such a grain size, porosity, sorting and 
composition (Fossen and Bale, 2007; Ballas et al., 2015; Griffiths et al., 2016; Fossen et al., 
2018). In this chapter results of petrographic analysis to examine the microstructure and 
petrophysical properties of the bands in relation to lithofacies are presented. 
5.1. Deformation band properties 
Deformation bands across the localities display very different morphologies, indicating 
differences in their kinematics and deformation mechanisms. Cataclastic deformation bands 
are recorded across all of the localities. Cataclastic bands display a resistance to weathering, 
standing proud of the rock face, indicative of grain size reduction, reduced porosity and 
cementation relative to the host material (Fig. 5.1a & c). Cataclastic bands are found within a 
wide range of lithofacies from fine- to coarse-grained aeolian and fluvial facies. Examples of 
cataclastic deformation bands also show displacement of sedimentary structures such as 
laminations, indicating shearing, and thus may be classified as shear bands or shear enhanced 












Figure 5.1. Examples of deformation bands. (a) Bands are cataclastic in the Saughall 
Massie borehole. (b) Disaggregation shear bands displace laminations and show evidence 
for fluid flow within fluvial sheet flood facies in the Holcroft Lane borehole. (c) Cataclastic 
bands within aeolian dune facies in Helsby Quarry. (d) Disaggregation shear bands 
displace laminations of fluvial sheet flood deposits in the Holcoft Lane borehole. (e) 
Disaggregation bands weather more than adjacent undeformed rock and show evidence 
for fluid flow pathways in fine-grained aeolian facies at Pease Bay. (f) Cataclastic shear 




Optical photomicrographs of cataclastic deformation bands are presented in figure 5.2, 
showing porosity of host and deformation band material, as well as grain sphericity, and grain 
fabric. Bands show well defined zones, <1mm in width, of localised compaction, grain size 
reduction, and porosity loss (Fig. 5.2a-c). Any pre-existing grain fabrics from sedimentary 
structure such as laminae, shown by a clear alignment of grains (rose diagram inset) is 
removed by the deformation band. Grains also undergo change in sphericity, although no 
clear trend is observed in a change from spherical to elongate or vice-versa. Due to fine-
grained cataclastic textures, cementation of the bands, and limitations in resin impregnation, 
it is difficult to observe the internal textures of the bands with optical microscopy alone. Back 
scattered electron images of deformation bands provide a clearer image of their internal 
textures and porosity (Fig. 5.3). Samples show that both quartz and feldspar experience 
intense cataclasis, resulting in a wide grain size distribution, with finer crushed grains filling 
pore spaces between larger grains. Feldspar grains display a greater degree of grain size 
reduction, with little to no large grains. In contrast, a small number of quartz grains within 
deformation bands remain larger, and may remain relatively undeformed. Grain textures of 
cataclastic rocks may be classified by the proportion of fine-grained matrix (Sibson, 1977). In 
the samples of individual bands, textures range from micro-breccia (Fig. 5.3e,f), reducing 
porosity to 13.8%, to protocataclastic (Fig. 5.3c,d), reducing porosity to approximately 7%. A 
sample of fault core material from the Helsby Hill Fault shows more mature ultracataclastic 
textures, with very fine-grained deformed grains filling pore spaces and supporting few, 
relatively undeformed larger grains, resulting in a porosity of 4.7% (Fig. 5.3g,h).  
Disaggregation bands are also recorded, and typically occur in finer grained lithofacies such 
as fine-grained dunes, interdunes, and fluvial and aeolian sand sheet facies. As the primary 
mechanism of deformation bands is localised grain sliding, rolling and re-organisation, with 
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or without a secondary component of cataclasis, disaggregation bands can present as 
preferentially weathered to the surrounding host rock, indicative of their kinematics of shear 
and/or dilation, often showing displacement of grain laminations (Fig. 5.1b & d), and evidence 
for acting as fluid flow pathways (Fig. 5.1e). Photomicrographs of these bands show little to 
no textural change, with shearing indicated by a change in grain fabric orientation (Fig. 5.2d). 
Estimations of porosity of lithofacies such as aeolian and fluvial sand sheets is difficult due to 
their heterolithic laminations of grains that represent large textural and petrophysical 
changes. Shearing of these laminations and re-organisation and more efficient packing of 
grains, as well as the entrainment of muddier and finer grained horizons within the 
deformation band, results in significant porosity reduction (Fig. 5.2d). Examples of dilatant 
disaggregation bands are difficult to sample and measure due to acting as a natural plane of 
weakness, however in these examples we expect porosity and therefore permeability to be 




Figure 5.2. Photomicrographs of host lithologies and their deformation bands, including 
their respective porosity values, grain sphericity (i) and grain fabric (ii). (a) A coarse-
grained fluvial channel unit from Helsby. (b) A medium-grained aeolian dune sample from 
the Saughall Massie borehole. (c) A fine-grained fluvial bar unit from Grinshill. (d) A fine 







Figure 5.3. Back scattered electron (BSE) photomicrographs of the internal microstructure 
of deformation bands. (a) Deformation band with micro-breccia-protocataclastic texture 
in a fine-grained aeolian dune, Pease Bay, Scotland. (b) High magnification of image 
showing grain size reduction within a deformation band. (c) Protocataclastic texture within 
a deformation band in a coarse-grained fluvial channel, Helsby Hill, Cheshire, UK. (d) High 
magnification of protocataclastic texture within a deformation band. (e) Deformation band 
with micro-breccia texture within a fine-grained aeolian dune, Nesscliffe, Shropshire, UK. 
(f) High magnification image showing grain size reduction of quartz and feldspar grains. 
(g) Fault core sample from the Helsby Hill fault. Cataclastic-ultracataclastic texture has a 
low porosity of 4.7%, with large grains supported in a very fine-grained matrix. (h) High 
magnification of fault core ultracataclasite, very fine-grained matrix fills pore spaces. 
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5.2. Porosity – permeability relationships 
Results of porosity measurements of both deformation bands and their undeformed lithology 
are plotted in a log-log plot, including data compiled from the available literature using a 
variety of measurement techniques including image analysis, mercury injection, and helium 
porosimetry (Fig. 5.4). The results here fill the lower porosity space in the data, with average 
porosity reductions of between 50-75%. 
  
Figure 5.4. Log-log plot of host rock versus deformation band porosity. Our data shown in 
red against published deformation band porosity data for sandstones (Rowe and Burley, 
1997; Ogilvie and Glover, 2001; Shipton and Cowie, 2001; Shipton et al., 2002; Torabi and 
Fossen, 2009; Farrell et al., 2014; Ballas et al., 2015; de Lima Rodrigues et al., 2015; Wilkins 
et al., 2019) 
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Porosity-permeability relationships for undeformed lithofacies, using both measured values 
with the mini-perm permeameter, and calculated values using equations 2, and deformed 
lithofacies using calculated values, are plotted in figure 5.5. Results of both calculated and 
measured values of undeformed host rocks show a power-law trend, with exponents (D) of 3 
and 6 respectively. Calculating band permeability using the same equation reveals a similar 
power-law trend that occupies the lower poro-perm region with an exponent D = 6. Data from 
Torabi et al. (2013) which include image based porosity and permeability measurements of 
both aeolian and fluvial facies sandstones, are shown for a comparison, where power-law 
trends for host rock (D = 8) and deformation bands (D = 6) are observed. For a given porosity, 
measured values of host rock permeability are slightly higher than those of deformation 
bands, although the opposite is true of calculated host permeability. This is the opposite of 
the calculated permeabilities presented by Torabi et al. (2013) which finds permeability 
higher In host rock for a given porosity. This is likely due to the host rock data in this study 
including finer-grained, lower porosity sand and siltstones that do not host deformation 
bands. Removal of these data points shows that our deformation bands are lower porosity 
than any host rock values. Whereas the compared data shows deformation bands with 





Figure 5.5. Porosity permeability relationships for undeformed lithofacies and deformation 
bands measured with both permeameter (green) and calculated using Berg’s method for 
permeability estimation (red). Shown for comparison is a data set also obtained from image 
analysis from Torabi et al. (2013). 
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5.3. Grain size distribution analysis 
Optical and back scattered electron (BSE) images of deformation bands show that their grain 
size is reduced relative to their undeformed hosts, due to processes of cataclasis such as 
transgranular fracturing and grain chipping. This results in a wider grain size distribution, or 
poorer sorting. Results of point counting grain size of undeformed and deformed samples are 
plotted in a line graph (Fig. 5.6) and show significant grain size reduction and increase in size 
distribution, and/or change in the profile of distributions, which commonly show a normal 
distribution in undeformed sample, to a log-normal distribution with positive skew in 
deformation bands. 
  
Figure 5.6. Graph showing the grain size distribution of undeformed host rock and 
deformation bands. Data shows the results of cataclasis in which grains fracture and grain 
size is reduced. Both host rock and deformation bands show a high degree of variability.  




Both grain size and sorting are major controls on the permeability of sands and sandstones 
(Beard and Weyl, 1973; Cade et al., 1994; Nelson, 1994), and may be an important property 
of deformation bands to quantify, and relate deformation band sorting to the sorting of the 
host material. The sorting of sediments and sedimentary rocks is typically quoted as 
dimensionless coefficients and Phi units derived from statistical measures of grain size 
(Friedman, 1962). For fault rocks and cataclastic gouge in particular, sorting of grains may 
instead be described by a fractal distribution. Mathematically this means that particle 
frequency and size have a power-law relationship, and is independent of scale. The fractal 
distribution is then described by the fractal dimension D, the power-law exponent of the grain 
size – frequency relationship. An example of how grain size distribution, and the fractal range 
changes with increasing strain is shown in figure 5.7. It has been shown that in both naturally 
and experimentally produced fault rocks that a fractal grain size distribution develops as a 
result of cataclastic processes (Marone et al., 1990; Blenkinsop, 1991). It was first proposed 
that the process of producing a fractal grain size distribution via cataclasis is a result of grain 
comminution, whereby tensile fracturing of grains is independent of individual grain strength 
and size, but instead is dependent on having similar size neighbouring grains. It is 
hypothesised that this process of grain fracturing would produce a grain size distribution such 
that there are no neighbouring grains of similar size, resulting in a maximum theoretical 
fractal dimension of D = 2.58 (Sammis et al., 1987). However, natural examples of cataclastic 
fault rocks have been observed with fractal dimensions of up to D = 3, caused by high strain 
fault zones, where particles of the similar dimensions that were initially isolated by 
comminution, would subsequently come into contact and fracture (Sammis and King, 2007). 
Very little has been done to characterise deformation bands in terms of their fractal 
distribution, aside from a study of deformation bands within poorly lithified sandstones 
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where the fractal dimensions were used to infer deformation mechanism (Rawling and 
Goodwin, 2003). Fractal distributions may therefore offer insight into the deformation 
mechanism of fault rocks, or may also offer insight into the petrophysical properties of 
deformation bands. The grain size distributions for both host rock and deformation bands are 
plotted in log-log space of grain size against number of grains. A line of best fit is applied to 
the deformation band data where it deviates from the host rock curve, and the fractal 




Figure 5.7. Grain size distribution represented on a log-log plot of grain size against 
number of grains. A power-law relationship is indicative of a fractal distribution where the 
exponent D is the fractal dimension. It is proposed that D will develop with increasing 
cataclasis as well as increasing fractal range.  Figure adapted from Blenkinsop (1991) & 




Plots are shown in figure 5.8 and include the fractal dimension and correlation coefficient 
(R2). A range of fractal dimensions from 1.95 up to 2.84 are observed. Such a range in values 
suggest varying deformation mechanisms and amounts of cataclasis and grain size reduction. 
It is worth noting that a fractal distribution was not observed for disaggregation bands such 
as those presented in figures 5.1 & 5.2. Grain size distribution profiles for these bands show 
a logarithmic relationship instead of a power-law relationship as these bands do not exhibit 





Figure 5.8. Log-log plots of grain size distribution for deformation bands, used to record 




Table 5. Deformation band samples and their properties. 
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5.4. Discussion  
Textural, microstructural and petrophysical properties of deformation bands are summarised 
in table 5. We observe both cataclastic and disaggregation bands across the localities of the 
Cheshire Basin study and Pease Bay, both evident in their morphology in outcrop, and in their 
microstructural texture. The type of deformation band formed is inherently linked to the 
lithological properties of the sandstones. Disaggregation bands are hosted within finer 
grained and low porosity facies of aeolian and fluvial origin, typically interdune, aeolian and 
fluvial sheet flood deposits, which exhibit thin beds, and often lamination scale heterogeneity 
of grain size, sorting and mineralogy (Fig. 5.1b & d). Microstructural observations of 
disaggregation bands show that porosity is reduced primarily through compaction and 
repacking of grains via shearing, rotation and sliding, as shown by grain fabric changes 
between host and DB material (Fig. 5.2d). Cataclasis and grain size reduction is a minor 
component of these bands, as such, grain size distribution shows little change. Any textural 
change is attributed to lamination scale heterogeneity of the host rock, and entrainment of 
these laminae into the shear zones of the deformation band (Fig. 5.2d). Despite the lack of 
grain size reduction, these bands often show significant reductions in permeability. The 
permeability reduction of deformation bands is shown on a log-log plot of host permeability 
versus band permeability, with a catalogue of published data also included for comparison 
(Ballas et al., 2015) (Fig. 5.9). Deformation bands are coloured according to their depositional 
facies, aeolian and fluvial, and interdune and overbank facies are grouped separately. We plot 
both host rock permeability values obtained with the probe permeameter (solid symbols), 
and permeability values calculated from the Berg equation (2) (open symbols). Permeability 
reduction for aeolian interdune and fluvial overbank facies, which typically, although not 
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exclusively, exhibit disaggregation bands, show a permeability reduction of approx. 1.5 orders 
of magnitude.  
Cataclastic bands occur within coarser grained and higher porosity lithologies of both aeolian 
and fluvial origin, and show cataclastic and proto-cataclastic textures at their core, with grain 
size and porosity reduction relative to their host material, resulting in high reductions in 
permeability. Deformation bands in aeolian facies show a slightly higher permeability 
reduction with an average of 1.8 orders of magnitude, compared to 1.47 orders of magnitude 
for fluvial facies (Fig. 5.9). It is useful to be able to predict deformation band properties for 
different depositional facies, however our results show that properties of both aeolian and 
Figure 5.9. Log-log plot of deformation band permeability versus host rock permeability for 
our deformation bands. Solid symbols represent measured host permeability. Open symbols 
represent calculated host permeability. Included is a large published data set of different 
cataclastic structures; individual bands, slipped bands, band clusters and fault core, from 




fluvial hosted deformation bands are remarkably similar. This is due to similarities of 
lithological properties of the host rock, particularly within mixed aeolian-fluvial systems in 
which aeolian sediments are reworked and deposited in fluvial systems in the absence of a 
strong secondary sediment source. This is apparent when observing samples in thin section, 
where both fluvial and aeolian lithologies are very similar in terms of porosity, grain size, 
mineralogy and sorting. Therefore, cross plots of lithological properties and deformation band 
permeability, and porosity and grain size reduction are shown in figure 5.10. Strong 
relationships between grain size and porosity with grain size reduction and porosity reduction 
are observed (Fig. 5.10g & h), which reflects the strong control of porosity and grain size on 
the mechanical failure of sandstones. These parameters, irrespective of grain sorting, are the 
dominant control on cataclasis, and it may also be inferred the dominant control on 
permeability, since porosity and grain size strongly control permeability. The effects of grain 
sorting on deformation band properties remains poorly understood, although some reports 
of greater permeability reduction within well-sorted versus poorly-sorted sands suggest some 
minor influence (Ballas et al., 2015). There is a subtle trend in permeability with host rock 
sorting (Fig. 5.10b), which also supports slightly higher permeability reduction observed in 
aeolian facies. Well-sorted sandstones favour Hertzian, intragranular fracturing and grain 
comminution (Sammis et al., 1987; Cheung et al., 2012), therefore it may be possible to 
observe this within the grain size distribution. Plots of grain size distribution in log-log space 
reveal varied fractal dimensions (D) that represent different grain textures that are inherently 
linked to micromechanical processes. Both lower and higher values of D than that predicted 
by the constrained comminution model are observed, which predicts D = 2.58, suggesting 
other processes such as grain chipping and flaking (Marone et al., 1990), and high strain 
shearing respectively (Sammis and King, 2007). Higher fractal dimensions are observed within 
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better sorted sandstones, supporting the constrained comminution model within well-sorted 
sandstones, and less so in poorly-sorted sandstones (Fig. 5.10c), although it is difficult to make 
comparisons without comparative levels of strain. Classification of deformation bands in 
terms of their fractal dimension, whilst conventionally used as an indicator of deformation 
mechanism, should theoretically provide insight into the textural evolution, and therefore 
petrophysical properties of the bands. However, we observe only a weak positive relationship 
between fractal dimension and the permeability of deformation bands (Fig. 5.10a) that 
suggests the fractal dimension only partly describes the permeability of the bands. As we only 
observe a fractal relationship for part of the total grain size distribution, the fractal dimension 
only partly captures the textural properties of the bands. This suggests the fractal range may 
also play an important part in determining the permeability, since permeability is so strongly 
controlled by grain size (Nelson, 1994), but also that the whole GSD should be accounted for 
in order to relate texture and permeability. Variations in micromechanical processes are 
governed not only by the lithological properties of the sandstones, but also in relation to the 
state of stress at failure (Fig. 2.7). In a later chapter we examine the relationship between 








 5.5. Conclusions 
Results of petrographic analysis of deformation bands reveal a variety of different types of 
deformation bands in terms of deformation mechanism. Porosity and grain size are the 
primary controls on the type of deformation band formed, particularly whether formed by 
disaggregation or cataclasis, and in the case of cataclastic deformation bands, are also the 
primary controls on porosity and grain size reduction as coarser grained, higher porosity hosts 
exhibit greater cataclasis and the development of fractal grain size distributions. Grain sorting 
is shown to be a secondary control on and grain size reduction and porosity loss, and 
therefore permeability. For this reason, deformation bands in aeolian facies, which are 
typically better sorted, show slightly higher permeability reductions than deformation bands 
in fluvial facies sandstones, which are typically poorer sorted. 
A wide range of grain size reduction and textural modification is observed, which is 
represented in terms of fractal relationships of grain size and frequency. The fractal 
dimension reflects the micromechanical mechanisms of cataclasis. A fractal dimension of D = 
2.58 is predicted by the constrained comminution model of cataclasis (Sammis et al., 1987). 
It is found that constrained comminution is a more dominant mechanism of cataclasis within 
well-sorted sandstones, which yield higher fractal dimensions. No correlation between fractal 
dimension and permeability reduction is observed, and therefore, fractal dimension cannot 
be used to wholly describe the textural and subsequent petrophysical modification of 
deformation bands. It also remains to be seen whether the fractal distribution of cataclastic 





6. Deformation Band Fault Damage zones 
This chapter investigates damage zone architecture within sequences of mixed aeolian-fluvial 
facies sandstones in two principal case studies; the first a regional study within the Cheshire 
Basin of North West England, focusing on the upper-most formations of the Triassic Sherwood 
Sandstone Group, which exhibit aeolian-fluvial sandstone lithofacies heterogeneity on scales 
of 1-20m. The second, a localised study within the Upper Devonian – Lower Carboniferous 
Old Red Sandstone Supergroup of the United Kingdom, observed at Pease Bay, Scotland, 
which displays facies heterogeneity in interbedded sandstones, siltstones and mudstones, at 
scales of less than 3m. Using areal-window damage zone sampling, the control of both 
lithology and bed thickness on deformation band intensity and width, are examined in order 
to improve the understanding of band formation and fault damage zone architecture in mixed 
aeolian-fluvial successions. 
6.1. Introduction 
The impact of deformation bands on any reservoir is ultimately determined by the effective 
permeability contrast of the bands to that of the surrounding undeformed host rock, the total 
number of deformation bands in the system between an injector and producer, their 
cumulative width (Manzocchi et al., 1999; Fossen and Bale, 2007) and their connectivity 
(Rotevatn et al., 2013). Therefore, it is important to understand the type, geometry and 
spatial distribution of these structures in a variety of lithologies in proximity to faults. 
The width of a fault damage zone only partially controls its fluid flow properties and an 
understanding of the intensity and distribution of deformation bands within that zone is 
crucial in determining both the faulting mechanics and the fluid flow properties. Band 
frequency within fault damage zones has been shown to decay logarithmically with distance 
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from the fault, with the variance attributed to band clustering and initiation of isolated slip 
zones away from the principal slip surface (Schueller et al., 2013). There exists a great deal of 
variability in deformation band attributes, including width, damage intensity, band type, and 
subsequent petrophysical modification that is strongly controlled by lithology and factors 
such as grain size, shape, sorting, as well as composition and the abundance of clay minerals 
(Fisher and Knipe, 2001; Schultz et al., 2010; Exner and Tschegg, 2012). Relationships between 
band density and bed thickness have also been observed, with density reduced in beds less 
than 3m thick, but with no trends observed with bed thicknesses greater than this (Johansen 
and Fossen, 2008). These trends have been observed in studies of aeolian successions such 
as in the Jurassic rocks of the Midwest United States, where band densities and damage zone 
widths are much higher in the mineralogically mature, thicker, coarser and higher porosity 
aeolian dune units (Shipton and Cowie, 2001; Fossen et al., 2011a; Fossen and Rotevatn, 
2012). These successions, however, display either very little facies variability. There remains 
the question of whether the same trends are observed in different facies, or those with more 
facies and bed thickness variability, such as in mixed aeolian-fluvial reservoirs (Meadows and 
Beach, 1993; Priddy and Clarke, 2020). Inherent lithological variables influence the 
mechanical properties of the sandstones, which may be reflected in the spatial distribution 
and morphology of the bands, in addition to the microstructure and petrophysical properties. 
Fault damage zone attributes were recorded for fourteen faults within different lithologies at 
both Pease Bay and across the Cheshire Basin localities. Results of fault zone measurements, 
including damage intensity, band width, fault displacement if known, and damage zone width 
are shown in table 6, together with lithological properties such as grain size, porosity, sorting, 





Table 6. Results of fault damage zone measurements and lithological properties.  
Fault ID Thickness 
(cm)


















Thurst.F1 600 26 537 0.4 13.25 2.75 2.1 5.4 0.19 2 4
Thurst.F2 600 26 537 0.4 7.75 2.5 2.1 5.4 0.64 3.1 6.2
Gr.Corbet 600 19.2 189 0.391 18 5 0.5 4.2 0.1 1 2
Gr.Hill 400 18.3 210 0.559 9 6 2.4 7.6 0.3 1.8 3.6
HbyHill.FW 150 21.2 636 0.918 1.6 0.38 3.5 12 7 17 34
HbyHill.HW 200 20 291 0.487 8 0.7 4 16.8 7 10 20
PB.FDZ3.1 100 - - - 6.1 - 3 6.65 1 4 8
PB.FDZ3.2 15 - - - - - - - 1 4 8
PB.FDZ3.3 50 - - - 2.1 - 2.3 4 1 4 8
PB.FDZ3.4 60 - - - 3.5 - 4.5 11.75 1 4 8
PB.FDZ4 600 23.9 220 6.2 1.7 - - 17 34
PB.FDZ5.1 25 - - - 17 - 1.7 4.9 1.5 5.2 10.4
PB.FDZ5.2 30 - - - 5 - 0.6 1.5 5 10
PB.FDZ5.3 122 - - - 3.3 - - - 1.5 5 10
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6.2. Fault Damage Zone Intensity 
6.2.1. Cheshire Basin 
Results of fault damage zone intensity measurements for four faults at Helsby and Grinshill 
are shown in figure 6.1. Intensity is plotted both as linear bar plots and cumulative intensity, 
for which the linear best fit provides a measure of average intensity of the fault zone, as well 
as defining different zones of intensity which may be used to infer the damage zone width, 
based on a drop in intensity to what may be considered background levels of deformation 
(Choi et al., 2016; Torabi et al., 2019). 
In the footwall of the Helsby Fault, deformation band intensity was recorded within a coarse-
grained and poorly sorted fluvial channel bed with a porosity of 21%, using 50cm quadrats, 
and therefore intensity per 0.25m2. Band intensity within the footwall is approximately 1.6m 
of bands per 0.25m2, decaying to 0.38m approximately 17m from the fault, which we record 
as the damage zone half width. Beyond this, intensity is low and constant, and deformation 
bands become less frequent, with a 1-4 m spacing (Fig. 6.1a). In the hanging wall, intensity 
was recorded in a medium-grained, moderately sorted fluvial bar unit with a similar porosity 
of 20%. Band intensity is much higher at 8m per 0.25m2 (Fig. 6.1b). A gap in outcrop is 
observed until 10m from the fault before deformation bands are recorded with a low intensity 
of 0.7m, similar to the footwall. We record this 10m as an over-estimate of damage zone half 
width in the absence of directly observing a change in band intensity. A small displacement 
fault with approximately 2cm offset is observed at 16.5m from the main fault, recording a 




At Grinshill, two fault damage zones were sampled, the first in the hanging wall of the NW-SE 
trending Corbet Wood Fault with very minor displacement (<10cm) within a 6m thick, fine-
grained and well-sorted aeolian dune succession with a porosity of 19%. The second in the 
hanging wall of the NNE-SSW trending Grinshill Hill Fault with displacement of approximately 
30cm, within a thick succession of medium-grained, moderately-sorted fluvial bar and 
channel succession with porosity of 18%. In the fine-grained aeolian damage zone, band 
intensity shows a high inner zone with an average of 18m bands per 0.25m2, decaying to 
approximately 5m approximately 1 metre from the fault plane. The change in band intensity 
may record the transition from a high intensity Inner damage zone, to a lower intensity outer 
damage zone of the fault, as is observed in many fault damage zones (Johansen and Fossen, 
2008; Schueller et al., 2013; Choi et al., 2016; Torabi et al., 2019). Band intensity is only 
recorded for 2m of available outcrop, and so we use this as an absolute minimum for damage 
zone half width for the purposes of plotting displacement-width trends. In the fluvial 
succession, deformation band intensity is lower, despite an increase in displacement of 
approximately 30cm, with an inner zone recording an average of 9m of deformation bands 
per 0.25m2, reducing to 6m in an outer zone approximately 1.8m from the fault plane, and is 
observed for a total of 4.8m of observable outcrop, which we use for an absolute minimum 













Deformation band frequency, sometimes referred to as one-dimensional density (P10) (Fig. 
3.5) is recorded in 30cm intervals within a ~6m thick succession of coarse-grained, very well-
sorted aeolian dune facies at Telegraph Road in Thurstaston, with 2 fault planes of 
approximately 19 and 64 cm displacement in close proximity (<3m) to one another, and 
provides a high density damage zone within texturally very mature sandstones (Griffiths et 
al., 2016). The cumulative frequency of deformation bands reveals two clear sub-zones within 
the damage zones of these faults. An inner zone of 31 and 53 bands per metre, reducing to 
an average of 10 and 11 bands per meter in the outer zone, 2-3 m from the fault planes which 
extends for total observable distance of 6 m. To compare linear 1-dimensional measurements 
of band intensity to areal 2-dimensional measurements, assumptions of the length, geometry 
and orientation of the bands must be made, making any interpretation of P21 from P10 
measurements an inaccurate and underrepresentation of the outcrop (Fig. 3.5). None the 
less, for the purposes of comparison to other outcrops, the Thurstaston data may be 
compared to other localities. 53 bands per meter equates to 26.5 for the same sample area 
of the other localities. Assuming full length, straight geometry, and perpendicular geometry 
within a 0.5x0.5m area, this gives a 2-dimensional intensity estimate of approximately 
Figure 6.1. Linear and cumulative plots of deformation band intensity for a series of fault 
damage zones within different lithologies. Lithological properties are included in each plot. 
(a) Footwall of the Helsby Hill Fault within a medium-grained fluvial sandstone. (b) Hanging 
wall of the Helsby Hill Fault within a medium-grained fluvial sandstone. (c) Hanging wall of 
the Grinshill Hill Fault within a fine-grained fluvial sandstone, and Corbet Wood Fault within 
a fine-grained aeolian dune sandstone at Grinshill. 
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13.25m/0.25m2 in the Inner damage zone, and 2.75m/0.25m2 for the outer damage zone for 




Figure 6.2. Deformation band density for fault damage zones at Telegraph road, 
Thurstaston. Data from Griffiths et al. (2016). Both damage zones occur in coarse-grained 




6.2.2. Pease Bay 
At Pease Bay, deformation band intensity was also measured for 7 different lithologies of 3 
different faults (Fig. 6.3). Fault damage zone 4 (FDZ4), within a fine- to medium-grained, well-
sorted sandstone of aeolian dune facies association with a porosity of 23.9%, records an 
average band intensity of 6.2m/0.25m2, which extends for a distance of 17m, including an 
area of no available outcrop, after which band intensity decreases to 1.7m per unit area, 
extending for 26m, with the exception of a number of minor faults with bedding offsets 
indicating displacements of less than 20cm, resulting in localised spikes in band intensity of 
12m per unit area. As the fault plane for this damage zone is not directly observed, we 
interpret the change in band intensity as a minimum estimate of damage zone half width.  
Fault damage zone 3 (FDZ3) contains four lithologies of fluvial channel facies association. Band 
intensity in the thickest unit of the poorly-sorted, medium-grained sandstone shows a spatial 
relationship and intensity decline with distance from the fault. A spike in band intensity in the 
uppermost bed is recorded at 1.5 metres, corresponding to deformation band occurrence in 
the underlying fine- and medium-grained sandstones. Deformation bands or fractures are not 
observed in the thin (15cm) mudstone (Fig. 4.15c). Plots of cumulative intensity show the 
highest average intensity of 6m/0.25m2 in Bed 1, a poorly-sorted medium-grained sandstone, 
whilst the underlying finer-grained and thinner Beds 3 and 4 show lower intensities of 3.5 and 
2.1m bands respectively (Fig.6.3). 
Three lithologies of fluvial overbank and floodplain facies association are recorded in fault 
damage zone 5 (FDZ5), adjacent to a fault with displacement of 1.5m. In comparison to FDZ3, 
a sandstone dominated sequence with subordinate mudstone, this fault zone displays a 
succession dominated by mudstones with subordinate sandstones (Fig. 4.15e). The thickest 
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and finest grained unit, a 1.22m thick laminated mudstone, contains antithetic faults to the 
main fault with small displacements (7-18cm) and has an average fracture density of 3.3 
metres of fractures per 0.25m2. The antithetic faults observed in the mudstone occur as 
deformation bands within the underlying sandstone beds, and often result in a spike in band 
intensity due to deformation band clustering. Unlike deformation bands, fractures show no 
increase in density where minor faults are present, indicative of their strain weakening 
behaviour (Marone et al., 1990). The second unit, a 30cm thick, fine-grained laminated 
sandstone, shows an average intensity of 5m/0.25m2. The third unit, the thinnest at 25cm, is 
a medium-grained, cross-bedded sandstone and records an average intensity of 17m/0.25m2, 




Figure 6.3. Intensity and cumulative Intensity plots of deformation bands within different 
lithofacies in three fault zones, FDZ3, FDZ4 and FDZ5. Bands decay logarithmically with 
distance in FDZ4 up until a series of minor faults induce spikes in frequency. The cumulative 
data plot shows damage zone intensity of 6.2m/0.25m2, until 17m where a decrease to 
1.7m/0.25m2 is observed. FDZ5 and FDZ3 show band intensity within three distinct 
lithologies, with minor faults corresponding to peaks in intensity. Cumulative intensity 




6.3. Deformation Band Width 
Width measurements of individual deformations bands in sandstones were taken for each 
damage zone transect, and are plotted as histograms (Fig. 6.4 & 6.5). There is a high degree 
of variability in overall band widths from 0.2 mm up to 30 mm within individual sandstone 
units, indicating width variation along their lengths, and between different sedimentary units, 
demonstrating the effects of lithology on band widths. The development of deformation band 
lenses is well documented (Awdal et al., 2014) and appear as very localised increases in band 
width. These can be observed as outliers in the histogram data. These lenses are classified as 
being twice the median width of all width measurements. We then record the mean for 
deformation bands below this width threshold, and the mean for deformation band lenses 
above this threshold width. In mudstones and siltstones, the deformation structure type 
differs, having fractures of effectively zero measurable width, and are therefore not included. 
6.3.1. Pease Bay 
Deformation bands in FDZ3 display a wide range of width variation in three of the four beds 
in which damage zone transects were recorded (Fig. 6.4). Bed 1, a medium-grained sandstone, 
shows a log-normal distribution of widths, with the peak of the distribution corresponding to 
a median width of approx. 2.65mm. A mean band width of 2.4mm, and lenses of 6.65mm. 
Bed 3 at Locality 4, a fine-grained sandstone, shows a similar width distribution over a much 
finer range, having a median width of 1.95mm, mean band width of 1.94mm and lenses of  
4.05mm. Bed 4, a medium- coarse-grained, poorly-sorted sandstone, shows the most width 
variation, with a median of 5.25mm, mean band width of 4.58mm, showing a greater 
potential for fault lenses and width variation, with 20% of bands greater than 10mm, with a 
mean width of 11.75. 
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Deformation band width was measured for two of three units in FDZ5, both sandstones, and 
records much thinner band widths than those within FDZ3. Bed 2, a fine-grained sandstone, 
records a median and mean width of 1.5mm and 1.71mm respectively, with lenses of 4.9mm. 
Bed 3, a medium-grained fluvial sandstone, records a very narrow distribution. with a mean 
and median width of 0.6mm with very little width variation and no record of lenses. 
  




6.3.2. Cheshire Basin 
The widths of individual deformation bands were recorded within the corresponding units of 
each fault damage zone transect across the Cheshire Basin localities. Only single deformation 
bands were measured in the field, choosing to omit deformation band clusters, which are 
amalgamations of individual deformation bands, so as to not skew any interpretations of the 
data. Deformation band width varies greatly across the localities and within individual 
sedimentary units, with widths between 0.3mm and up to 81mm. We classify deformation 
band lenses in the same manner as for Pease Bay. Deformation band width is presented in 
histograms for a number of different lithofacies (Fig. 6.5). Average deformation band width 
varies between the different units from 0.5mm to 4.1mm, whilst deformation band lenses 
vary between 4mm and 17mm. Fluvial lithofacies from Helsby and Grinshill display the 
thickest deformation bands (3.1-4mm) and lenses (12-17mm), and the most thickness 
variation (Fig. 6.5a-c,h). Aeolian lithofacies of Nesscliffe, Thurstaston and Grinshill display the 
thinnest deformation bands (0.5-2mm) and lenses (4-6.5mm) with the least thickness 





Figure 6.5. Histograms of deformation band width for a variety of lithologies within 




6.4.1. Deformation band geometry 
Anderson’s theory of faulting predicts a normal faulting angle of 60o in accordance with 
Coulomb failure criterion (Anderson, 1905). Faults across the localities of this study are all 
recorded or observed as being normal with minor components of strike-slip displacement, 
and show moderate to high angles of dip between 59-79o with a mean of 69.5o. Small 
components of strike-slip displacement may account for steeper than Andersonian fault dip 
values. Deformation bands across the localities of this study show a conjugate geometry, with 
sets of bands dipping at similar angles to the principal fault plane with which they are 
associated. Because Anderson’s theory predicts a fault angle of 60o, or 30o to the maximum 
principal stress, a dihedral angle between conjugate dipping sets of faults of 60o is predicted 
(2x θ σ1). However, the formation of angles of deformation bands is not accurately predicted 
by this criterion due to lack of consideration of volume changes (Schultz, 2019). Results by 
Klimczak and Schultz (2013) show that the angle of conjugate deformation bands to the 
maximum principal stress decreases with increasing amounts of dilation, or in terms of 
deformation band type, from compaction bands, shear-enhanced compaction bands, 
compactional shear bands, shear bands, to finally dilatational shear bands, and predicts 
dihedral angles as low as 20o. Dihedral angles of between 20-60o for the mean plane of 
opposing dipping sets of deformation bands are recorded here. A summary of fault and 
deformation band geometry is shown in figure 6.6. Variations in the dihedral angle of 
deformation bands and the dip of major faults across the localities may reflect subtle 
differences in band type. For example, Nesscliffe records very steep dip angles of ~80o with 
small dihedral angle of ~20o, which may reflect deformation bands with a greater component 
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of shear and less compaction, than other localities with lower dip angles and therefore higher 
dihedral angles, such as Pease Bay or Helsby Quarry with fault dip and dihedral angles of ~60o. 
Such changes in deformation band type may therefore be recognised in microstructural 
analysis, supporting this relationship between conjugate deformation band angle and 
deformation mechanism. Indeed, it is observed in petrographic analysis that the deformation 
bands at Nesscliffe show less texturally mature micro-breccia textures (Fig. 5.3e), whereas 
those at Helsby, with shallower dip and larger dihedral angles display proto-cataclastic to 
cataclastic textures. The latter of which record greater reductions in permeability. The angle 
of faulting and deformation band formation may then be used to infer petrophysical 





Figure 6.6. Summary diagram showing faulting and deformation band geometry across 
the localities of the study. 
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6.4.2. Displacement versus damage zone width scaling 
Previous studies have defined damage zone width using cumulative band frequency plots by 
marking the point at which intensity changes to what might be considered ‘background levels’ 
of deformation (Choi et al., 2016; Torabi et al., 2019). In some cases, the damage zone width 
can be defined by this change in gradient to background levels of deformation, where 
logarithmic decay with distance is no longer observed, or where band spacing becomes 
increased. A change in band intensity to low levels of <2m/0.25m2 for a number of transects 
is observed (Fig. 6.1 & 6.3). However, in many cases this change in deformation band intensity 
is not observed and consequently, the damage zone width cannot be estimated with much 
accuracy. However, linear trends of cumulative number of bands, with confidence of 83-99 % 
over the complete transect distance give a robust estimate of band intensity for the distance 
recorded, and therefore, this distance is used as a minimum damage zone width in order to 
see how damage zone width and displacement trends develop. As many of the damage zone 
transects measure only one side of the damage zone of the fault, or half-width, with the 
exception of the Helsby Hill fault for which both hangingwall and footwall are recorded (Fig. 
6.1), damage zone width estimates are multiplied by 2 in order to compare data with 
published examples of total damage zone width (Choi et al., 2016). These results are 
summarised in table 6. Plotting these estimations of damage zone width and displacement 
shows a high degree of scatter in log-log space of up to two orders of magnitude, however, 
they show an overall power-law distribution with an exponent of 0.68. The data from this 
thesis show a similar power-law trend in displacement-width with an exponent of 0.58, even 
despite best estimates of both damage zone width and displacement (Fig. 6.7). A positive 
correlation between deformation band intensity and displacement is not observed,  
suggesting that damage zone intensity may be more strongly controlled by lithological factors, 
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and supporting the use and comparison of cumulative number of bands between faults of 
varying displacements, as indicated in models of fault damage zone growth (Schueller et al., 
2013) (Fig. 3.6). 
  
Figure 6.7. Log-log plots of deformation band damage zone width versus displacement. 
Previous data compiled by Choi et al. (2016) and references therein. 
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6.4.3. Lithological Control on Deformation Band Attributes 
A total of fourteen deformation band damage zones are recorded adjacent to major faults of 
varying displacements, in a range of different lithofacies of both aeolian and fluvial origin, in 
which the intensity of deformation bands and their width are recorded. These band attributes 
show a great deal of variation in fault zones with variations in lithofacies and therefore in 
porosity, grain size and sorting. Deformation band intensity is plotted for both inner and outer 
fault damage zones where observed, as well as deformation band and lens width, against 
lithological properties such as grain size, sorting, and the thickness of the beds or successions 
(Fig. 6.8). Although quantitative measures of lithological properties were not obtained for 
Pease Bay, little to no correlation of band intensity with grain size or porosity on a qualitative 
level is observed, that has been recorded in other studies (Schultz et al., 2010). For damage 
zones across the Cheshire Basin, no correlation with porosity is observed, although porosity 
values of host sandstones have a relatively narrow range of 18-26%, which is considered high 
for band formation, and may not offer the variance to observe any influence of porosity on 
the intensity of deformation bands. A negative trend between grain size and band intensity 
of both the inner and outer zones is observed, with low to moderate correlations of 0.34 and 
0.45 respectively (Fig. 6.8a). This result is conflicting with current understandings of both band 
formation and the mechanical properties of sandstones, which are governed so strongly by 
grain size and porosity (Sammis and Ashby, 1986; Wong, 1990; Zhang et al., 1990; Wong and 
Baud, 1999). These results suggest that, at least for these examples, band intensity maybe 
controlled by other factors such as sorting, or bed thickness, which introduces the concept of 
mechanical stratigraphy playing an important role in strain distribution in mixed lithology 
successions. Plots of deformation band intensity for both inner and outer damage zones 
against grain sorting, shows negative trends, with a particularly strong trend for the inner-
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most damage zone, with moderate correlation coefficient of R2 = 0.62 (Fig. 6.8c & e), showing 
that band intensity decreases in poorly sorted sandstones, typically of fluvial association. This 
observation agrees with current understanding of band formation, where poorer sorting is 
found to inhibit band localization (Cheung et al., 2012). It is also worth considering that the 
coarser lithologies of this study are typically of fluvial association, which demonstrate wider 
grain size distributions and poorer sorting than aeolian facies. Slightly higher band intensities 
in aeolian lithofacies than in fluvial lithofacies are observed, which may then explain the 




Figure 6.8. Cross-plots of deformation band attributes with lithological properties. (a) Inner 
and outer damage zone intensity against grain size. (b) Deformation band and lens width 
against grain size. (c) Inner and outer damage zone intensity against bed thickness. (d) 
Deformation band and lens width against bed thickness. (e) Inner and outer damage zone 
intensity against sorting. (f) Deformation band and lens width against sorting. 
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When considering fluid flow through a deformation band damage zone, we must consider 
their cumulative thickness, and therefore understand their mean deformation band thickness 
in combination with their spatial distribution. A wide range of band widths between different 
lithofacies are observed across the fault damage zones of the study. In such lithologically 
variable successions as the Devonian Old Red Sandstone and Triassic Sherwood Sandstone, 
which exhibit both very favourable and unfavourable lithologies for band formation in terms 
of their grain sorting, deformation band morphology is likely to be highly variable, with 
changes in lithological variables influencing along-strike variations in defromation band width. 
Rotevatn et al. (2013) discussed the role of natural along-strike width variation in the form of 
lenses, on cross-band fluid flow using fluid flow simulations, concluding that variation in 
deformation band width has little impact on the overall fluid propogation front, which takes 
a path of least resistance, and therefore the mean width of deformation bands is a more 
important factor on effective permeability than along strike width variation. A positive 
correlation between band width and grain size is logical for cataclastic deformation bands, 
which deform via grain-to-grain fracturing (Sammis et al., 1987), thus a larger grain size results 
in a wider zone of cataclasis proportional to the size of the grains. Comparing band width 
data, there appears more variation and inconsistencies in both the band and lens widths 
between different lithologies than can be attributed to grain size control alone, with no 
correlations between band or lens width with grain size (Fig. 6.8b). Whilst at some localities 
there is a trend in increasing band width with the grain size of the host sandstone (Pease Bay, 
FDZ3. Fig. 6.4), at others the coarser sandstone has the narrowest bands with the least width 
variation of all of those measured (Thurstaston, Fig. 6.5e). Width variation may therefore be 
controlled by variables other than grain size, such as sorting. A weak positive correlation 
between deformation band width and grain sorting is found. That is, band width increases 
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with poorer levels of sorting and wider grain size distributions (Fig. 6.8f). Sorting appears then 
to partly control both the intensity and width of deformation bands. In well-sorted 
sandstones, typically aeolian, the potential for deformation band formation remains high, 
showing that they deform via the nucleation of additional bands as opposed to increasing the 
width of existing bands. This may be due to the ease with which localisation occurs within 
such sandstones, or perhaps strain hardening is more easily achieved, resulting in strain 
accommodation through new band nucleation. The opposite may be true of poorly-sorted 
sandstones, which have been shown to inhibit strain localisation (Cheung et al., 2012), and 
do not nucleate bands or strain harden as easily (Crawford et al., 2004). This predisposition 
may then result in lower band intensity, and accommodation of strain through increased 
width as opposed to nucleation of new bands. To support this theory, band width is plotted 
by facies association; well-sorted aeolian facies, and poorly-sorted fluvial facies. Two main 
distributions are shown by the data (Fig. 6.9); a normal distribution in the fluvial lithofacies, 
which are generally more poorly-sorted, showing a high degree of width variation with a 
mean deformation band width of 3.3mm and a lens width of 12mm. Aeolian lithofacies show 
a log-normal distribution with much less width variation, with a 40% narrower mean band 
width of 2mm, and nearly 50% narrower lens width of 6.6mm. 
  
Figure 6.9. Deformation band width data by facies association 
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6.4.4. Role of Bed Thickness 
The relationship between bed thickness and the development of stress induced structures is 
well documented for jointing in fractured reservoirs, particularly in shales and carbonates, 
showing that fracture frequency decreases as bed thickness increases. The question of 
whether deformation bands exhibit a similar bed thickness control is an important one, 
especially for understanding deformation band formation in reservoirs which exhibit a high 
degree of lithology and bed thickness variation. The same relationship as for jointing cannot 
be assumed for deformation bands in sandstones as they do not form under tension, and the 
stresses required for band formation are extremely varied (Wong, 1990; Wong et al., 1997; 
Mair et al., 2002). A limited number of studies report a wider damage zone width with 
increasing bed thickness (Heynekamp et al., 1999), and that the opposite spacing trend is 
observed: deformation band frequency increases with bed thickness. Johansen and Fossen 
(2008) report a bi-linear correlation between bed thickness and deformation band density, 
with a linear correlation at thicknesses <3m, and no dependence at thicknesses greater than 
this up to 25m. Modelled fault damage zone growth models suggest average band density 
thresholds of approximately 15 bands per metre independent of fault displacement (Schueller 
et al., 2013). However, this is contrary to the high band densities in and around fault cores 
and slip surfaces in thick aeolian sandstones sequences of Utah, USA, which has been shown 
to increase to values of ~100 bands (Johansen and Fossen, 2008). This may indicate greater 
potential for band formation and clustering within thicker successions. Weak positive trends 
of deformation band intensity of both the inner and outer fault damage zones with bed 
thickness are found, with low correlation coefficients of R2= 0.2 and R2=0.22 respectively (Fig. 
6.8c). There is large scatter in the data and very little correlation with bed thickness and 
deformation band width (Fig. 6.8d) although a minor negative trend is observed. It is difficult 
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to ascertain if any relationship between bed thickness and intensity is entirely causal or due 
to natural thickness variations of different depositional facies that have higher potential for 
band formation. For example, finer grained facies such as interdune small-scale dunes and 
small fluvial deposits are typically much thinner than coarser grained facies of larger scale 
aeolian dunes or fluvial channel systems, which exhibit greater potential for deformation 
band formation. Any relationship does pose an important question of the role of mechanical 
stratigraphy, which encompasses the control of mechanical properties and thicknesses of 
units on fault properties when lithological description alone cannot explain them (Ferrill et 
al., 2017). The ratio of competent (sandstone) to incompetent beds (mudstone) is an 
important factor in strain distribution, leading to more variable fault zone widths and fault 
zone damage intensity. In successions with high ratios of incompetent-competent beds, fault 
nucleation begins in thin competent sandstone beds, and may explain the high deformation 
band densities observed in the thin sandstone of FDZ5 at Pease Bay (Fig. 6.3) (Schöpfer et al., 
2006). More work on the effects of mechanical stratigraphy on deformation band formation 
is required. 
6.4.5. Implications for Fluid Flow 
The impact of deformation structures on the petrophysical properties of a hydrocarbon, 
geothermal or carbon capture reservoir depends on the type of damage zone structure 
produced, which itself is a function of the textural and petrophysical properties of the host 
rock and the stresses under which they form. Experimental studies on the failure of porous 
rocks have shown that the strength of a rock increases with decreasing porosity and grain size 
(Zhang et al., 1990; Wong and Baud, 1999; Schultz et al., 2010). This relationship has been 
observed in fault damage zones in outcrop, where the damage zone width, the type of 
deformation structure, and the frequency varies with porosity and grain size (Schultz and 
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Siddharthan, 2005). However, our findings show that porosity and grain size are not the 
dominant factors controlling damage zone width and the intensity of deformation bands 
(Chapter 6.2), but are a major control on the type of deformation band formed, and the 
petrophysical properties of the bands. Variation in deformation structure amongst different 
lithologies is observed across the localities at Pease Bay with fractures and dilatational 
deformation bands forming in mudstones and siltstones, and cataclastic deformation bands 
within coarser grained facies. Often it is observed that deformation band structures vary 
along their length, changing from fractures within a mudstone into cataclastic deformation 
bands as they pass into underlying sandstone (Fig. 4.15e). This has huge implications for the 
petrophysical properties of these successions since fracture development acts to create 
permeable pathways in an otherwise impermeable rock, whereas cataclastic deformation 
bands generally create lower permeability baffles in an otherwise permeable rock (Ballas et 
al., 2015). Evidence for fluid flow along fractures in the mudstones and siltstones is seen by a 
colour change along their length and into the walls of the fractures, indicating diagenetic 
modification due to the presence of fluids. The same diagenetic alteration is observed in the 
deformation bands of fine-grained sandstones indicating that they have also been conduits 
for fluid flow (Fig. 6.10a). This indicates different kinematics and deformation mechanisms 
compared to the more common cataclastic compaction bands observed in the coarser 
sandstones of aeolian dune and fluvial channel associations, which typically show diagenetic 
evidence of fluid baffling by cataclastic deformation band clusters (Fig. 6.10b). Variations in 
deformation structures can be graphically represented using the Q-P-r diagram, which plots 
the yield envelope of a rock of any given porosity and grain size (z axis) in stress space (x and 
y axis) (Fig. 6.10c). The yield envelope defines the point of rock failure in terms of differential 
and effective mean stress, for which the failure mechanism varies. The peaks of the yield 
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envelopes, can be joined by a line dividing the yield envelopes broadly into two regions, a 
dilating regime, which is regarded as porosity enhancing, in which dilatational deformation 
bands or shear fractures may be formed, and the compacting regime (light grey, Fig. 6.10c), 
which is porosity reducing, in which shear enhanced compaction bands and pure compaction 
bands may be formed. For a single stress path, two different rocks such as those presented in 







Figure 6.10. (a) An example of a deformation band providing a conduit to fluid flow due to 
porosity increase due to dilation. (b) An example of a deformation band acting as a fluid 
flow barrier due to porosity loss due to compaction. (c) Q-P-r diagram showing how the 
strength of porous rocks scales with grain size and porosity. Q is differential stress, P is 
effective mean stress, and r is porosity x grain radius. The peaks of yield envelopes join to 
separate two regions of deformation: dilation and porosity increase (1), and compaction 
and porosity loss (3). This illustrates how a single stress path (blue arrows) can lead to 




Such variation in fault structures and their internal fluid flow properties must be considered 
in reservoirs with complex lithofacies variation and interactions to completely understand 
their effect on reservoir scale fluid flow behaviour. Since deformation band formation is 
related to two major controls on permeability, the grain size and porosity, they can control 
the bulk reservoir properties. It has been suggested that deformation bands may homogenise 
reservoirs and act to improve sweep by forming only in, and baffling, those units with good 
reservoir quality, such that the effective permeability is reduced to levels of the lesser 
permeable units (Fossen et al., 2011a; Fossen et al., 2018). It is also suggested that sorting is 
a major control on strain localisation (Cheung et al., 2012), inhibiting deformation band 
formation in fluvial facies, which typically comprise texturally and mineralogically immature 
sediments. On this basis it may be assumed that in a mixed aeolian-fluvial reservoir, the 
texturally mature aeolian units are more affected by deformation band formation, whilst the 
fluvial units remain little affected. Consequently, the aeolian units would become 
homogenised with the fluvial units in terms of permeability. However, the results here show 
the contrary, that deformation band formation is very prominent in both aeolian and fluvial 
lithofacies. If fluvial units are equally affected by permeability reducing deformation bands, 
either in terms of band density, or in terms of cumulative thickness as these results show, 
then heterogeneity of the reservoir may be maintained, although, if permeability enhancing 
deformation bands and fractures are present, the connectivity of different reservoirs units 
could be improved. Permeability reduction due to cataclastic deformation bands is on average 
between 3 to 5 orders of magnitude, with the amount of cataclasis and grain size reduction 




The effects of deformation bands on the bulk fluid flow properties of a mixed aeolian-fluvial 
reservoir requires understanding of the spatial distribution, geometry, and the types of 
structures and their effects on relative permeability. Areal based measurements of fault 
damage zones more accurately capture subtleties in intensity between different sedimentary 
units, whilst also capturing differences in band geometry. This allows variations in fault zone 
attributes to be captured at scales where heterogeneity may exist, allowing for better 
understanding of processes and controls, leading to more accurate damage zone models and 
ultimately prediction of such features in the subsurface. 
Deformation bands form in a conjugate geometry to the principal stress direction, with faults 
and deformation bands forming at angles of between 60-80 degrees. We show that the angle 
of faulting and dihedral angle of deformation bands, which is controlled by stress, influences 
the deformation mechanism and therefore the texture and petrophysical properties of the 
bands. Stress therefore plays an important role in the type of deformation band formed and 
the petrophysical properties of the bands. 
Through detailed measurements of band Intensity, band width, bed thickness, and structure 
type within two major case studies of heterogenous fluvial and aeolian siliciclastic 
successions, it is concluded that sandstone facies variation can exert controls on many aspects 
of fault damage zones including the type of deformation band structure formed, the intensity 
of deformation bands, and their width. The Intensity of deformation bands within fault 
damage zones shows weak correlations with grain size and porosity of the host sandstone, 
and cannot wholly explain their occurrence or morphology. Grain sorting is identified as a 
primary control on deformation band intensity and their width. Poorly sorted sandstones 
typically display lower intensity deformation bands, but consistently develop thicker 
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deformation bands with greater thickness variations. Although this trend with sorting and not 
grain size may be attributed to coarser sandstones in this study being of a poorer level of 
sorting. Bed thickness is found to be a significant control on deformation band development. 
Whilst there is an overall positive correlation with band density at thicknesses below 10m, 
particularly shown in the Cheshire Basin case study, outcrops at Pease Bay show the opposite 
trend, with deformation band density highest in thin, isolated sandstone beds, indicating that 
mechanical stratigraphy may play an important role in the nucleation and density of 
deformation bands, particularly with high ratios of incompetent-competent lithologies at 
small bed scales <1.5m. Deformation band width shows a negative correlation with band 
density, indicating that some sandstones deform via the nucleation of additional bands as 
opposed to increasing the width of existing bands. This is attributed to other textural controls 
that govern both localisation and strain hardening behaviour, such as grain sorting. Fluvial 
lithofacies consistently display thicker deformation bands than aeolian lithofacies, whilst also 
showing greater band width variation and the development of deformation band lenses. This 
has major implications for the modelling of fault damage zones and the prediction of 
deformation bands in the subsurface, as fluvial lithofacies are typically regarded as non-
favourable for their formation. The results show that such units can develop deformation 
bands in mixed-successions, and their lower deformation band intensities may be outweighed 





7. Insights from experimental rock mechanics 
7.1. Introduction 
In previous chapters it has been found that grain sorting is a very important factor in the 
formation of, and properties of deformation bands in mixed aeolian-fluvial reservoirs. Current 
understanding of the role of sorting on the deformation of sandstones is drawn from field 
studies and laboratory experiments in which sorting is poorly constrained, and other variables 
such as porosity, grain size and mineralogy are poorly controlled and accounted for. In this 
chapter, results of triaxial deformation experiments on unconsolidated quartz sand 
aggregates are presented. Unconsolidated materials offer the unique opportunity to precisely 
control and study lithological variables.  In this work, porosity, grain size and mineralogy are 
fixed, while sorting is systematically varied. The role of sorting on the elastic and inelastic 
deformation, and the micromechanics of deformation with increasing stress, accompanied by 
fractal grain size analysis, with an aim to link grain textures to deformation mechanisms and 
fluid flow properties. 
As siliciclastic sediments are deposited and buried in a sedimentary basin they undergo a 
range of diagenetic processes, turning unconsolidated sands into consolidated sandstones 
over thousands to millions of years. These processes include diagenetic chemical reactions, 
grain cementation and compaction of pore-space, all of which change the physical properties 
of the deposited materials. Compaction is the primary mechanism of porosity loss in 
sediments and occurs in response to increased stresses acting on the basin as a result of 
progressive burial or from compressive tectonic forces. In the initial stages of burial, 
compaction primarily occurs via mechanical processes such as grain rearrangement, grain 
crushing and localized faulting, with chemical compaction mechanisms such as dissolution of 
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mineral phases being more prevalent at greater depths (Worden and Burley, 2003). 
Compaction and porosity reduction strongly impact fluid flow and reduce permeability in 
sedimentary basins, which has important implications for reservoir production, as well as for 
potential injection sites for CO2 storage projects. Thus, in order to fully understand the 
evolution of sedimentary basins, it is important to determine how sediments with different 
petrographic and physical properties respond to deformation and compaction. 
There have been extensive experimental investigations into the inelastic deformation 
behaviour and micromechanics of porous sandstones e.g. (Wong et al., 1997; Cuss et al., 2003; 
Baud et al., 2006; Bedford et al., 2019), as well as many other types of porous rock including 
limestone (Baud et al., 2000; Vajdova et al., 2004; Cilona et al., 2014), volcaniclastics (Zhu et 
al., 2011; Heap et al., 2015a; Eggertsson et al., 2020) and rocks where porosity has formed via 
metamorphic devolatilization reactions (Rutter et al., 2009; Bedford et al., 2018). These 
studies have shown that inelastic deformation can be broadly divided into two macroscopic 
categories, brittle dilatant failure via fracturing and faulting at low effective pressures, and 
ductile compaction via cataclastic flow at higher effective pressures (Wong, 1990; Zhang et 
al., 1990; Wong et al., 1997; Mair et al., 2002; Charalampidou et al., 2011). The deformation 
may be further classified based on grain scale micromechanics, for which cataclasis, the 
process of grain size reduction via brittle fracturing and comminution, is the dominant 
mechanism by which porous sandstone compacts (Wong and Baud, 2012). Cataclasis may 
occur as a pervasive deformation mechanism, in which the entire rock deforms via bulk 
cataclastic flow accompanied by dilation or compaction, or it may localise, either as discrete 
or diffuse compaction bands. The process of cataclasis results in textural modification of the 
host material through grain size reduction. This textural change directly impacts the porosity 
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and permeability of the material and in the case of localised cataclasis, can lower permeability 
by up to five orders of magnitude (Fossen and Bale, 2007). In a fluid bearing reservoir, this 
has huge implications for the economic production of these fluids. It is therefore essential to 
understand the mechanism and textural evolution of cataclasis with stress in order to 
understand the petrophysical modifications. The failure and onset of cataclasis in porous 
sandstone is primarily influenced by the textural and petrophysical properties, in particular 
porosity and grain size, which are found to have a positive relationship with the inelastic grain 
crushing pressure (P*) (Dunn et al., 1973; Zhang et al., 1990; Wong and Baud, 1999; Cuss et 
al., 2003; Rutter and Glover, 2012). Laboratory investigations have allowed the testing of 
sandstones with different properties over a range of stress conditions, providing insights into 
the lithological controls on deformation behaviour. However, due to the highly variable 
nature of natural sandstones it is difficult to systematically investigate the role of individual 
lithological properties on rock behaviour, producing uncertainty in our understanding of 
basin-scale evolution. The testing of unconsolidated sands, or artificially made sandstones 
enables the precise control of lithological variables whilst systematically varying those of 
interest. Experiments on unconsolidated materials also provides information on the 
deformation behaviour of sediments in the upper parts of a basin before any significant 
lithification or cementation has occurred. 
7.1.1. Deformation of unconsolidated sands 
A number of previous experimental deformation studies on unconsolidated materials have 
been performed to understand their evolution during simulated burial, including 
quantification of elastic and inelastic deformation during subcritical compaction (Karner et 
al., 2003), examining the effects of stress path on failure and permeability reduction (Nguyen 
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et al., 2014), and investigating the role of time-dependant compaction (Chester et al., 2004; 
Brzesowsky et al., 2014). Using unconsolidated materials in experimental studies allows for 
detailed investigations of the textural controls on micromechanics, with previous work on 
sands of different provenance highlighting that textural properties such as grain size and grain 
angularity affect the mechanical response and the yielding behaviour of unconsolidated sands 
(Crawford et al., 2004). The effects of porosity, grain size, and initial packing density  (i.e. 
degree of consolidation prior to deformation) have also been examined by manipulating the 
starting material, where it is found that packing density effects the stiffness of the material 
and the shape of the stress-strain curve, with the onset of failure being controlled by porosity 
and grain size (Skurtveit et al., 2013; Skurtveit et al., 2014), similar to observations on 
consolidated sandstone (e.g. Zhang et al., 1990). However, the effect of grain sorting or grain 
size distribution (GSD) on the mechanical response and deformation of unconsolidated sands 
is not well understood. For example previous experimental work has suggested that localised 
cataclasis is inhibited in sandstones with poor grain sorting (Cheung et al., 2012), whereas 
field observations of deformation bands occurring in a variety of natural sandstones with a 
range of grain size distributions suggest that this is not always the case (Fossen and Bale 
(2007). It has also been shown previously that grain sorting has minimal effect on the stress-
strain behaviour of unconsolidated sands, although the process of cataclasis is more prevalent 
in well-sorted sands due to enhanced grain comminution (Hangx and Brantut, 2019). 
However, there is still a sparsity of data on the role of cataclasis in the deformation of 
unconsolidated sands over a wide range of effective pressures and grain size distributions, 
and how the microphysical properties of the sand evolve with continued deformation. 
Although little is known about the evolution of grain size distribution during the mechanical 
deformation of unconsolidated sands, it has been shown that in both naturally and 
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experimentally produced fault rocks that a fractal grain size distribution (i.e. one that is 
independent of scale, or self-similar) develops as a result of cataclasis (Marone et al., 1990; 
Blenkinsop, 1991). As cataclasis is the operative micromechanical process during failure of 
unconsolidated sands it would be expected that similar fractal distributions will develop to 
those observed in fault rocks. Fractal distributions have been reported in low permeability 
deformation bands within poorly consolidated sediments, although they exhibit a fractal 
dimensions of D = 2.1, suggesting that grain comminution may not be the sole deformation 
mechanism in their formation (Rawling and Goodwin, 2003). It is therefore important to 
understand the deformation mechanisms and the grain textures produced within 
unconsolidated sands with increasing stress, to understand the deformation history of 
sedimentary basins, fault rocks and their petrophysical evolution. 
In this study the effects of grain sorting on the micromechanics and process of cataclasis are 
investigated, and the evolution of grain size and the development of fractal grain size 
distributions, by performing a suite of triaxial deformation experiments on unconsolidated 
quartz sands, in which we vary sorting whilst holding the mean grain size, porosity, and 
composition constant. Microstructural observations are made using scanning electron 
microscopy to identify the changing deformation mechanisms under different stress 
conditions, as well as investigate the role of grain size distribution on textural and 
permeability evolution in unconsolidated sands. 
7.2. Methods 
7.2.1. Sample material and preparation 
The material used for the experiments is sourced from Pleistocene glacial deposits of the 
Chelford Sand Formation. The formation provides one of the UKs primary sources of ‘frac 
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sand’, a proppant for hydraulic fracturing of unconventional hydrocarbon reservoirs (Sammis 
and Ashby, 1986; Mitchell, 2015). Its suitability as a proppant, despite its glacial secondary 
origin, is owed to being primarily sourced from Permo-Triassic sandstones of predominantly 
aeolian origin, and as such, is very mineralogically mature, with 98.4% silica, and high textural 
maturity, with well-rounded, spherical grains (Fig. 7.1). Two sources of the sand were 
collected and used in the interest of obtaining a wide range of sizes, the first from the Dingle 
Bank Quarry near Chelford, and the second from the Arclid quarry in Congleton, known as the 
Congleton Sand, part of the Chelford Formation. As supplied, the Chelford Sand is unimodal, 
well-sorted, and coarse-grained with a mean grain size of 491µm (Fig. 7.1a, b). The Congleton 
sand is supplied as unimodal, moderately well-sorted, and medium grained with a mean 
grainsize of 308µm (Fig. 7.1a, b). Despite differences in origin, both sands are texturally and 
mineralogically indistinguishable. 
The sand was sieved into 100-micron bins, from 100 to 800µm using sieve trays, and agitated 
using a shaking plate. Once sieved, samples were placed in to a Beckman Coulter LS13 320 
Laser Particle Size Analyser (LPSA) to obtain grain size data for each bin. Grain size from LPSA 
analysis is given by both particle number (the number of particles of X size as % of total 
analysed) and by particle mass (as a % of total analysed mass). Data from LPSA was then 
processed using Gradistat, a program plug-in for Microsoft Excel, to obtain grain size 
distribution statistics such as mean, mode, sorting, skewness, kurtosis and a range of 








Figure 7.1. Photomicrographs of sand material used in experiments. (a) Fine grains (150-
200µm) from the Chelford Sand Formation. (b) Coarse grains (500-600µm) of the Chelford 
Sand Formation. (c) Fine grains (150-200µm) of the Congleton Sand. (d) Coarse grains (400-




Figure 7.2. Example sample statistics output from Gradistat analysis of grain size data 
obtained using LPSA. 
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Four different grain size samples, 128, 200, 390 and 700µm , of very well-sorted sand were 
chosen for initial hydrostatic testing in order to understand material behaviour, to test 
estimations of strength, also known as the grain crushing pressure (P*), and refine 
experimental technique before conducting triaxial experiments on samples of varied sorting. 
Grain size distribution profiles of these four different grain size bins are shown in figure 7.3, 
and demonstrate very well-sorted distributions produced from sieving. 
A medium-grained, ~350µm by number (395µm by grain volume) sample was chosen as the 
reference ‘very well-sorted’ sample to test grain sorting, as this proved to be a grain size easy 
enough to inelastically deform at a variety of pressures. Sieving of the sand into 100-micron 
bins also revealed subtle variations in textural maturity amongst different bins, with finer 
grains being more well-rounded and spherical than coarser grains, owed to greater transport 
distances upon deposition. This grain size was therefore chosen to minimise any potential 
effects of grain shape or angularity variation. 




Samples of different grain size distributions were prepared prior to the deformation 
experiments by mixing together sands from the different sieved bins to achieve a desired level 
of sorting whilst maintaining a mean grain size of ~350µm +/-5  (Fig. 7.4). The Folk and Ward 
(1957) classification of sorting is used, given in phi units with very well-sorted to poorly-sorted 
ranging from 0 to 1, calculated using the following formula: 




    (11) 
Where 84, Ф16, Ф95 and Ф5 are the phi grain size values at their respective percentiles. This 
is considered a good representation of sorting as it accounts for 90% of the total grain size 
distribution. Four samples were produced; a very well-sorted (VWS) sample with a sorting of 
0.286, well-sorted (WS) with a sorting of 0.379, moderately well-sorted (MWS) with a sorting 
of 0.523, and a moderately-sorted (MS) sample with a sorting of 0.633, and are summarised 







P10 Grain size 
(micron)






Very well-sorted 346 265 443 0.286 35.5
Well-sorted 352 242 480 0.379 35
Moderately well-sorted 344 192 500 0.523 34.5
Moderately -sorted 354 182 578 0.633 34
*  l l d    f   b d  d  f l  
   Table 7. Textural properties of four sand samples for testing. * Porosity estimated prior to 
isotropic loading, calculated from sample dimensions and a sample density for quartz of 
2.66 g/cm3. 
Figure 7.4. Grain size distribution profiles for samples prepared for hydrostatic 
and triaxial testing. (a) Grain size distribution by number of grains. (b) Grain 
size distribution by volume of grains. 
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Samples are prepared for triaxial testing by pouring approximately 22g of pre-mixed sand into 
a 20mm diameter, 0.15mm wall thickness, annealed copper jacket, capped at each end by a 
~10mm length spacer of Penrith sandstone to contain the unconsolidated sample (Fig. 7.5). 
Copper jackets were used to provide rigidity to the unconsolidated samples, which helps to 
preserve the sample microstructure upon removal of confining pressure at the end of the 
experiment. Jackets were annealed to ensure malleability during the deformation 
experiments, and to minimise brittle failure of the jacket. For annealing, jackets were placed 
in a Carbolite CWF13/13 furnace at 800oC for 30 minutes, followed by cleaning in 30% nitric 
acid to remove oxidation. As a precaution, a PVC jacket with a 3mm wall thickness was placed 
over the copper jacket, to prevent contamination of pore fluid with the confining medium in 
case the thin-walled copper jacket were to rupture during deformation. Penrith Sandstone 
was used for the spacers due to its strength, P* of at least 140 MPa (Cuss et al., 2003), that 
far exceeds the expected strength of our unconsolidated sand sample, and its high porosity 
(26%) and permeability that allow for accurate control of the pore fluid pressure through the 
sample. Additional porous stainless-steel spacers, with a permeability of 131mD, are also 
placed between the sandstone spacers and the sample assembly, to both protect the surface 
of the assembly, and ensure even distribution of pore fluid across the sample. Once 
assembled, samples were pressed using a hand pumped hydraulic press until visible bulging 
of the jackets, to ensure compaction of the sand. Overall sample dimensions are 
approximately 64mm x 20mm including all spacers, with the quartz sand sample 
approximately 40x20mm (Fig. 7.5). Porosity of the sand sample was estimated from the 
sample dimensions and the volume of quartz based on sample mass and a density of pure 




Figure 7.5. Sample configuration for triaxial experiments. 
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7.2.2. Experimental Procedure 
All tests were performed with silicone oil as confining fluid, and de-ionized water for pore 
fluid, with pore pressure held constant at 10MPa for all tests in this study. 
In an effort to normalise the starting material porosity, and mitigate against the effects of 
packing density on the mechanical response of the samples (Skurtveit et al., 2013; Skurtveit 
et al., 2014), all tests performed included both a pre-consolidation and over-consolidation 
sequence prior to deformation experiments, similar to that employed by Crawford et al. 
(2008). Samples were pre-consolidated dry (no pore fluid) to 20MPa, followed by introduction 
of pore fluid into the sample until a pressure of 10MPa was maintained, and held constant 
throughout the experiments. Samples were then over-consolidated to +5MPa greater than 
the target starting pressure, until pore fluid volume was maintained, and then unloaded to 
the starting effective mean pressure. 
2.2.1 Hydrostatic monotonic loading 
Firstly, hydrostatic loading experiments were performed on each of the samples to establish 
the grain crushing pressure (P*), a point in stress-strain space typically used to define and 
separate the onset of permanent inelastic deformation in the form of grain crushing, from 
elastic deformation. Samples were monotonically loaded, from an initial effective pressure of 
approximately 3MPa, in increments of between 3-5MPa, as pore volume was monitored with 
each pressure step to determine the amount of compaction. Subsequent increases in 
confining pressure were only taken once pore volume had stabilised (Fig. 7.6a). This loading 
procedure was continued until a maximum effective pressure of 100MPa was achieved, 
before unloading in a series of 10MPa steps, again observing for pore volume to stabilise 
before each unload, to observe for permanent deformation. To calculate how much of 
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compaction was occurring in just the unconsolidated sand sample, a hydrostatic loading 
experiment was also performed on a core plug of Penrith Sandstone (Fig. S1) so that the 
amount of elastic compaction within the sandstone spacers could be quantified and 
subtracted from the overall bulk compaction of the unconsolidated samples recorded by the 
pore volumometer. 
  
Figure 7.6. (a) The hydrostatic loading method used for all experiments. Confining pressure 
is increased in small increments of 3-5MPa once pore volume has equalised with each 
increment. (b) A Q-P diagram showing the triaxial experimental strategy. P* defines the 
point of failure during hydrostatic compaction experiments. Further triaxial tests are 
performed at effective stress conditions as a percentage of this value, in order to explore 
deformation at different points around the yield envelope, and make fair comparisons 




2.2.2 Hydrostatic stress cycling 
Although P* is often used to define the onset of permanent inelastic deformation, it has been 
shown for both unconsolidated sands (Karner et al., 2003) and consolidated sandstones 
(Pijnenburg et al., 2019) that significant amounts of inelastic deformation can occur during 
hydrostatic loading at effective pressures below P*. Therefore, hydrostatic stress cycling tests 
were also performed to quantify the amount of inelastic deformation during hydrostatic 
loading prior to reaching P*. For this, samples were hydrostatically loaded from an initial 
effective pressure of 5MPa up to an effective pressure of 15MPa, and then unloaded back to 
5MPa. Samples were then re-loaded and unloaded for a total of five cycles, increasing the 
effective pressure by 10MPa with each cycle until P* was reached. The amount of inelastic 
strain is calculated from the difference in pore volume between the start and end of each 
loading cycle once the effective pressure has returned to 5MPa. 
2.2.3 Triaxial loading 
Triaxial experiments were performed on two of the four grain size distributions, the very well-
sorted (VWS) and the moderately well-sorted (MWS) sands, which represent two endmember 
grain size distributions produced in this study. The effective pressures at which triaxial loading 
was initiated was determined from the P* values obtained during the hydrostatic 
experiments. On a yield curve plotted in Q-P space, where Q is the differential stress 
(σ1 − σ3) and P is the effective mean stress (((σ1 + σ2 + σ3) /3 - pore-fluid pressure), P* is 
the point where the curve intersects the effective mean stress axis (Fig. 7.6b). Once P* is 
established for a given grain size distribution, a suite of samples can be triaxially loaded from 
different starting effective mean stresses to explore deformation at various points in q-p 
space. Here, VWS and MWS samples were triaxially deformed at effective mean stresses at 
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approximately 10, 15, 20, 26, 32, 50, 70 and 80% of their respective P* values, so that 
equivalent regions of q-p space were being explored. Once the starting effective pressure was 
reached, samples were axially loaded at a rate of 1µm/s until yielding was reached and then 
further loaded to achieve a post-yield axial strain of 5%. 
7.2.3. Microstructural analysis 
Once the sample is removed from the deformation apparatus at the end of the experiment, 
it is vacuum impregnated, while still inside the copper jacket to preserve the microstructure, 
with a low viscosity epoxy resin, before being cut and thin sectioned along its long axis 
(parallel to sigma 1). The thin section is then polished and carbon coated ready for 
microstructural analyses. Microstructural observations are made from optical microscope 
and back scattered electron (BSE) images obtained using a Hitachi TM3000 scanning electron 
microscope (SEM). Porosity of the deformed samples was determined from image analysis of 
the BSE images using ImageJ and the jPORv1.1 plug-in (Grove and Jerram, 2011), to 
corroborate with the pore volume data from the experiments. 
7.2.4. Grain size distribution analysis 
Grain size analysis on deformed samples is performed using Petrog petrographic software, as 
covered in detail in chapter 4. Grain size statistics such as mean and median grain size, 
percentiles, sorting, skewness and kurtosis are obtained from point counting, measuring the 
long and short axis of grains whilst scanning the thin section. A total of 250 grains were 




7.3.1. Hydrostatic loading experiments 
7.3.1.1. Testing grain size variation. 
Results of hydrostatic compaction tests on four different grain sizes (128, 200, 390, 700µm by 
volume) are shown in figure 7.7a. All samples show an initial non-linear compaction up to 
approximately 10 MPa, followed by a quasi-linear behaviour representing elastic 
deformation. In two of the four samples the onset of inelastic compaction is marked by an 
inflection from this linear trend, denoted as P*. Unloading of samples shows significant 
permanent deformation of between 8-17% porosity reduction. The 700µm and 390µm 
samples show P* values of approximately 20 and 60 MPa respectively. The finer samples, 
128µm and 200µm do not indicate inelastic deformation from the stress-strain curves alone. 
SEM photomicrographs of thin sectioned samples are used to verify the onset of inelastic 
deformation, indicated by grain fracturing (Fig. 7.8). Grain fracturing is observed to occur in 
200µm, 390µm and 700µm samples. For the 200µm sample this indicates P* was reached 
below the maximum effective pressure achieved of ~110 MPa. P* values correspond very well 
with theoretical predictions calculated from the porosity and grain size relationship proposed 
by Zhang et al. (1990):  
log P* = - 1.5 log (φ r). (12) 
This relationship gives a predicted P* value of 23, 56, 146 and 285 MPa for the samples tested, 
and confirms P* was unlikely reached in the finer grained sand. Results are plotted in figure 
7.7b alongside data from previous studies for both unconsolidated sand (Zhang et al., 1990; 
Wong et al., 1997; Karner et al., 2003; Crawford et al., 2008; Skurtveit et al., 2014), and 
consolidated sandstones (Wong et al., 1997; Cuss et al., 2003; Tembe et al., 2008; Rutter and 
174 
 
Glover, 2012), showing that the data are in good agreement with the theoretical relationship 
proposed by Zhang et al., (1990). With a P* value of approximately 60 MPa, the medium-
grained 390µm (350µm by number) sample used for the tests of varied grain sorting, as 
triaxial tests will fall comfortably within the safety limits of the apparatus. 
 
 
Figure 7.7. (a) Results of hydrostatic loading experiments on samples of different grain size. 
Samples show an initial non-linear loading, followed by a quasi-linear elastic phase of 
deformation. In two of the four samples (700µm and 390µm) an inflection marks the onset 
of permanent deformation, P*, followed by a region of non-linear compaction. All samples 
show considerable unrecoverable deformation upon unloading. (b) P* values from 
hydrostatic tests are plotted on a log P* vs log (porosity x grain radius), as well as a 
compilation of results from the literature of both sandstone and unconsolidated materials, 
references shown in key.  
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7.3.1.2. Testing grain sorting variation 
Hydrostatic monotonic loading experiments were performed on four different grain size 
distributions of 350µm sand to establish their grain crushing pressure (P*). The hydrostatic 
loading curves are shown in figure 7.9a. Some samples, particularly the well-sorted sand, 
show a slight decrease in stiffness at approximately 2% porosity loss, beyond this all samples 
show quasi-linear elastic loading until approximately -6%, where a slight inflection from linear 
loading occurs, which is identified as P* (marked by arrows in Fig. 7.9a). Beyond this point the 
samples show increasing non-linearity in their loading behaviour, as the rate of porosity 
reduction decreases with increasing stress. All samples show significant permanent 
deformation upon unloading, with porosity reduction of 9-10.5%. The P* values for the 
different sands range from 48 – 65MPa, which is in close agreement with the predicted value 
of ~56 MPa (Fig. 7.7b). Results show that P* decreases as grain sorting gets worse, 
corresponding also to an increase in overall compaction and inelastic porosity loss. 
Figure 7.8. SEM photomicrographs of 200µm (a), 390µm (b), and 700µm (c) samples 





Figure 7.9. (a) Results of hydrostatic compaction tests on 350µm sand with four levels of grain 
sorting. (b) Results of hydrostatic stress cycling experiments on a sample of VWS sand. 
Unloading curves of each cycle show accumulation of inelastic strain. Inelastic strain is plotted 
against the maximum stress of each cycle, and accounts for approximately 65% of total strain. 
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As the inflection in the hydrostatic loading curve is very subtle there is some uncertainty in 
the identification of P* from the mechanical data alone. To confirm that the samples had 
indeed reached P* photomicrographs of samples loaded to various effective pressures were 
analysed. Figure 7.10 shows three samples of moderately well-sorted (MWS) sand deformed 
to 19, 37 and 75MPa. No evidence for grain crushing is observed for samples taken up to 
37MPa, with all grains remaining intact (Figs. 7.10a and b). In contrast, the sample deformed 
to 75MPa shows pervasive intragranular fracturing, particularly in the finer grains (Fig. 7.10c). 
This, alongside the agreement with theoretical predictions provides confirmation of P* and 
the onset of grain crushing that we identified from the hydrostatic loading curves (Fig. 7.9a).  
Hydrostatic stress cycling tests were also performed on a sample of VWS sand to determine 
how much inelastic deformation occurs at effective pressures below P*, in this case <55MPa, 
in what is typically considered to be the elastic regime (Fig. 7.9b). The results show a 
significant amount of inelastic deformation and porosity loss is accumulated in this regime, 
with the sample retaining approximately 65% of the maximum porosity loss after each 
unloading cycle (Fig. 7.9b). Further evidence for inelastic deformation can be seen in the 
apparent yielding of the sample as it is reloaded after each cycle (open red circles), after which 
it resumes a loading curve similar to the monotonic hydrostat with a reduction in stiffness. 
The bulk modulus can be calculated from the loading data. The bulk modulus is calculated to 
be approximately 0.3GPa. However, the bulk modulus is calculated to increase from 0.65 to 
0.9GPa with cycling and increasing effective pressure, further suggesting that inelastic 
deformation is occurring and is responsible for the apparent stiffening of the material. 




Figure 7.10. Photomicrographs of a 344µm moderately well-sorted sand. Deformed 
hydrostatically and removed at 19 (a), 37 (b) and 75MPa (c) to confirm the onset of grain 
crushing (P*). Samples taken to 19 and 37MPa display no grain deformation. Sample taken 
to 75MPa confirms the occurrence of P*, marked by pervasive grain fracturing. 
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7.3.2. Triaxial loading experiments 
Samples of both very well-sorted (VWS) and moderately well-sorted (MWS) sands were 
triaxially deformed in a series of experiments with increasing effective pressure, at conditions 
approximately 10,16,22,26,32,50,70 and 80% of their P* value. Results of triaxial tests are 
plotted as porosity change vs mean effective stress (Fig. 7.11a & 7.12a), and differential stress 
vs axial strain (Fig. 7.11b & 7.12b), for the VWS and MWS sands respectively. 
The yield of the samples in the triaxial experiments can be identified from the pore volume 
data where the porosity reduction with increasing effective mean stress deviates from the 
trend of the hydrostat (solid circles on Figs. 7.11a & 7.12a). The data show that at low effective 
pressures (<15% of P*), samples experience initial ‘elastic’ volume reduction followed by post-
yield dilation (C’). At intermediate effective pressures (15-20% of P*), samples show post yield 
initial compaction and porosity reduction of ~1% at 3% strain, followed by constant volume 
deformation, indicating critical state failure characterised by shearing (Rutter and Glover, 
2012). At higher effective stresses (>20% of P*), samples experience significant post-yield 




Figure 7.11. Results of triaxial experiments for very well-sorted sand. Yield (C’/C*) is 
determined from two methods; deviation of porosity change from the hydrostat with mean 
effective stress (a), indicated by solid symbols, and differential stress vs axial strain curves 
where the data becomes non-linear(b), indicated by open symbols. The conditions at which 
samples were axially loaded are indicated next to data curves. (c) Yield points are plotted in 





Figure 7.12. Results of triaxial experiments for moderately well-sorted sand. Yield (C’/C*) is 
determined from two methods; deviation of porosity change from the hydrostat with mean 
effective stress (a), indicated by solid symbols, and differential stress vs axial strain curves 
where data becomes non-linear (b), indicated by open symbols. (c) Yield points are plotted 





For triaxial data yield can also be determined from a deviation from quasi-linear loading on a 
plot of axial strain versus differential stress (see for example Bedford et al. (2018); (2019)). 
However, for our unconsolidated sands it is difficult to determine yield in this way as the 
samples do not display a well-defined elastic quasi-linear trend (Figs. 7.11b & 7.12b). Instead, 
the samples display an initially weak linear loading followed by a prolonged non-linear regime 
as they undergo yielding. Yield is marked as the deviation from this weak linear trend, shown 
by open circles, and also included are the equivalent yield points determined from the pore 
volume data (Figs. 7.11a and 7.12a) for comparison (solid circles). Yield points determined via 
both methods are plotted in Q-P space to define the yield curves for the different sands (Figs. 
7.11c & 7.12c). In both the VWS and MWS sands the yield points map out a broadly elliptical 
yield envelope using both methods, with slight variance in differential stress. In both the VWS 
and MWS samples, points map out an approximately linear trend at low effective stresses up 
to ~30MPa, representing brittle failure. The brittle-ductile transition is marked by the peak of 
the yield curve, occurring between approximately 26MPa and 32MPa. At pressures greater 
than this, deformation is characterised ductile shear-enhanced compaction, with an elliptical 
yield envelope with a steep limb observed up to the maximum effective stresses up to P*. 
7.3.3. Microstructural and grain size analysis 
Photomicrographs from thin sections of triaxially deformed samples are shown in figure 7.13. 
Samples of VWS and MWS sand deformed at low effective pressures of 7.5MPa (<15% of P*) 
(Fig. 7.13a, b) show minimal amounts of cataclasis, which is expected as these samples 
experienced predominantly dilatant deformation (Figs. 7.11a and 7.12a). The primary micro-
mechanism is grain disaggregation and rearrangement with minor amounts of grain chipping 
and flaking as grains slide and rotate against one another, resulting in minor grain size 
reduction for both sands of approximately 12%. At intermediate effective pressures of 15-
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20MPa (~32% of P*) (Fig. 7.13c, d), the amount of cataclasis increases, with grain chipping as 
the primary deformation mechanism, accompanied by minor amounts of Hertzian fracturing 
at grain point contacts. In the VWS sample (Fig. 7.13c), Hertzian fractures are better 
developed between adjacent grains of similar size in accordance with the constrained 
comminution model of Sammis et al. (1987), whereas the MWS sample (Fig. 7.13d) shows less 
well developed Hertzian fracturing, with it being restricted to the smaller grain fractions in 
the sample. At high effective pressures, in excess of 50% of P* where samples experience a 
significant amount of compaction, Hertzian grain fracturing becomes the primary 
deformation mechanism (Fig. 7.13e-h). In the VWS sand, at 31MPa (50% of P*), Hertzian 
fracturing is pervasive and well developed (Fig. 7.13e), resulting in a large degree of grain size 
reduction. At the highest effective stresses of 53MPa (80% of P*), grain size is reduced 
dramatically, with only large outliers remaining intact (Fig. 7.13g). In the poorer sorted MWS 
sample deformed at 50% of P* (22.5MPa) (Fig. 13f), Hertzian fracturing is the primary 
deformation mechanism but is less pervasive than the VWS sample, with fracturing only 
occurring amongst a small amount of connected finer grains, leaving many coarser outliers 
intact. At the highest pressures of 38MPa (80% of P*) (Fig. 7.13h), more intense cataclasis is 
observed amongst these finer grain fractions, again leaving larger grains intact. The earlier 
onset and more pervasive Hertzian fracturing within the VWS sample results in greater overall 







Figure 7.13. Back Scattered Electron (BSE) photomicrographs of triaxially deformed very 
well-sorted sands (a, c, e, g), and moderately well-sorted sands (b, d, f, h) deformed at 
approximately 10, 32, 50 and 80% of P* respectively. Samples are shown side by side for 
comparison, with the confining conditions at which each sample was deformed indicated. 
Samples show a transition in deformation mechanism from grain chipping (a, b), to 
chipping accompanied by Hertzian grain fracturing between grains of similar size at 
intermediate pressures (c, d). At higher pressures, Hertzian grain fracturing becomes the 
primary deformation mechanism, resulting in pervasive hertzian fracture networks and 
cataclasis in VWS sample (e, g), to more isolated pockets of cataclasis within MWS samples, 




The evolution of micro-mechanisms with increasing effective stress can be seen in the grain 
size distribution (GSD) data when plotted on a logarithmic plot of grain size (GS) versus 
number of grains greater than size GS. Naturally occurring cataclasites show a fractal 
distribution indicated by a power-law relationship between number and size given by: 
N(S) ~ S -D    (13) 
With the exponent D as the fractal dimension (Turcotte, 1986) (Fig. 14a). The fractal 
dimension is recorded for all deformed samples over a fractal range where a power-law trend 
is observed with a correlation coefficient of 90% and greater, and is used, in conjunction with 
BSE images, to quantify cataclasis with increasing effective stress. This provides quantitative 
indication of GSD evolution, where the fractal dimension and fractal range are recorded 
(summarised in Table 8). Due to the inaccuracies of measuring three-dimensional grain size 
distribution from a two-dimensional method such as thin sections, a correction of the fractal 
Table 8. Summary table of results. Mechanical, textural and petrophysical data for triaxially 
deformed samples. ‘ Yield determined from deviation of porosity from the hydrostat with 




dimension to a three dimensional value is required simply by adding one to the two-
dimensional value (Sammis et al., 1987). All values of fractal dimension given in this study are 
three-dimensional.  
The VWS sample shows a large and progressive evolution in grain size distribution with 
increasing stress. The transition from disaggregation and grain chipping to predominantly 
Hertzian cataclasis results in the development of a fractal grain size distribution which evolves 
rapidly with increasing effective stress (Fig. 7.14c- d). The poorer sorted MWS sample shows 
less dramatic GSD evolution with less overall reduction in mean grain size with increasing 
effective stress. This also supports microstructural observations of less pervasive and 
developed Hertzian cataclasis. Despite greater overall grain size reduction within the well 
sorted sample, both samples evolve to a D of 2.2 at the highest effective mean stress. 
However, the MWS sample, a fractal grain size distribution of 2.2 is achieved at a lower 
relative effective pressure (% of P*) than the VWS sample, albeit with a correlation coefficient 
less than our 90% limit. At low effective pressures (<23% of P*), where disaggregation and 
grain flaking dominate, the fractal dimensions between the VWS and MWS samples are 
largely similar, both evolving to a fractal dimension of 1.75. However, beyond these effective 
stresses, the MWS sample shows a rapid development of a fractal distribution to a dimension 
of >2 at ~30% of P*, where shearing and grain chipping is the dominant deformation 
mechanism, whilst the VWS sample only reaches a fractal value of 2 at higher effective 
stresses of 70% of P*, rising to 2.2 at 80% of P*, where Hertzian grain fracturing dominates. 
Differences in the correlation coefficient and fractal range between both samples are also 
observed, that is the grain size range at which a fractal distribution is observed. The VWS sand 
evolves a wider and finer fractal range than the MWS sand at similar conditions, with 







Figure 7.14. (a) Particle size distribution for a naturally deformed cataclastic deformation 
band and undeformed host. (b) Fault rocks can be described as fractal when a power-law 
relation when plotted in a log-log plot of grain size (GS) versus number of particles greater 
than size GS, where the exponent D is the fractal dimension. The fractal dimension, and the 
fractal range increases with increasing grain comminution to a fractal dimension of up to 
2.58 (Sammis et al., 1987). Grain size distribution (GSD) plots for triaxially deformed 
samples of both very well sorted (c) and moderately well-sorted (d) quartz sands. GSD is 
observed for a linear trend deviating from the undeformed GSD curve, indicating a fractal, 
or power law distribution. The gradient of the linear trend corresponds to a fractal 
dimension D. GSD curves show a progressive shift and steepening to the left with increasing 
effective pressure. Data colours correspond to different effective confining pressures as in 




7.4.1. Inelastic deformation during hydrostatic compaction of unconsolidated sands. 
The results from hydrostatic loading experiments on loose sands shows deformation 
behaviour that shares both similarities and differences with consolidated sandstones. During 
hydrostatic compaction of sandstones, loading is typically characterised by an initial quasi-
linear loading behaviour, which is thought to represent elastic deformation of the sample, 
followed by some deviation from this linear trend that marks the transition to inelastic 
deformation, where a non-linear hardening compaction trend follows (Zhang et al., 1990; 
Wong and David, 1992; Wong and Baud, 2012). However, the monotonically loaded 
unconsolidated sands, the identification of yield is difficult to determine from hydrostatic 
loading data alone, as the samples show a very minor inflection from quasi-linear loading (Fig. 
7.7a & 7.9a). Photomicrographs are used to confirm the onset of grain crushing, which show 
pervasive intragranular fracturing of grains beyond the interpreted P* pressures from the 
mechanical data (Fig. 7.8 & 7.10). These P* values are also in very close agreement with the 
theoretical grain crushing pressure given by the numerical relationship with porosity and 
grain size (Fig. 7.7b) (Zhang et al., 1990). In other studies on unconsolidated materials where 
a similar absence of an obvious inflection in the loading data has been observed, the onset of 
inelastic deformation has been determined by the point of maximum curvature (Nguyen et 
al., 2014), or confirmed by monitoring  acoustic emissions which record a peak at P*  (Lockner, 
1993; Brzesowsky et al., 2014; Hangx and Brantut, 2019).  
The results of previous investigations and the new mechanical data presented here suggest 
that the elastoplastic behaviour that is observed in many sandstones, where there is a clear 
transition between elastic and inelastic behaviour with increasing pressure, may not 
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necessarily be applicable to unconsolidated sands. This is confirmed in the hydrostatic stress 
cycling experiments which show increasing amounts of permanent deformation with each 
cycle (Fig. 7.9b), revealing approximately 65% of the total strain is inelastic during the initial 
loading phase (i.e. at pressures below the onset of grain crushing, P*), which is typically 
thought to represent the ‘elastic’ regime. Recent work has shown similar behaviour can also 
be observed for some consolidated sandstones (Pijnenburg et al., 2019), where between 30-
50% of total strain during initial loading is inelastic. Pijnenburg et al. (2019) show that 
deformation occurs in three stages as pressure is increased; (i) an initial closure of pre-existing 
cracks and fractures, (ii) intergranular fracturing and cement breakage, and (iii) a final stage 
dominated by intragranular Hertzian fracturing. As the samples are not consolidated or 
supported by intergranular cements, it is reasonable to assume that stage (ii) will not occur 
in these experiments. Instead, inelastic strain at pressures below P* is accommodated by 
grain sliding and rearrangement. This process achieves a more geometric packing 
arrangement, reducing porosity until packing of the grains reaches a critical limit, where stage 
(iii) initiates and the sample deforms via intragranular fracturing. Successive cycling results in 
a stiffer stress-strain response with re-loading curves recording a higher bulk modulus of 0.6-
0.7GPa (compared to 0.3GPa during monotonic loading), rising with increasing effective 
stress, a common observation in the deformation of sandstones as porosity decreases and 
grain-contact surface-area increases at higher normal stresses (Zhang and Bentley, 1999; 
Wang et al., 2020). Once re-loading reaches the maximum stress level of the previous cycle, 
samples exhibit yielding behaviour where the sample resumes ‘normal’ hydrostatic 
compaction, accommodated by both elastic and inelastic strains simultaneously. Karner et al. 
(2003) found similar behaviour during experiments on a fine-grained St Peter’s quartz sand, 
albeit with lower inelastic strains of ~22%, owed to the samples being pre-consolidated prior 
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to loading. Packing density plays an important role in controlling the micromechanical 
deformation mechanism and the degree of cataclasis in unconsolidated granular materials 
(Skurtveit et al., 2013). Together with the results here, this highlights the importance of 
consolidation on loading behaviour of unconsolidated sands, and the micromechanics of 
deformation prior to P*, emphasizing that care should be taken when interpreting inelastic 
yield in unconsolidated materials.  
Since porosity values are strongly dependant on packing arrangements and therefore affected 
by grain sorting (Worden and Burley, 2003), there may be a critical porosity value at which 
unconsolidated sands may behave entirely elastic during loading, that varies with sorting. 
There is a theoretical minimum porosity value of 26% for tightly compact spherical grains with 
a tetrahedral arrangement (Beard and Weyl, 1973). However, this is likely to be a higher 
porosity in sands with grains that are not perfectly spherical and with a degree of angularity. 
Our samples undergo ~4.5% inelastic porosity reduction from an initial 36% before P* is 
reached, suggesting a critical porosity of approximately 31.5%, where samples may behave 
entirely elastically during isotropic loading up to brittle failure. Our results show no influence 
of grain sorting on the degree of compaction and inelastic porosity loss, with both VWS and 
MWS exhibiting ~65% inelastic strains, although this may become more apparent with more 
sorting contrast, in which we would expect inelastic porosity loss to increase, and the critical 
porosity lowered with poorer sorting. 
7.4.2. The role of grain sorting on micromechanics and post-yield deformation 
The unconsolidated sands tested in this study are characterised by a broadly elliptical shaped 
yield envelope when plotted in Q-P space (Figs. 7.11c and 7.12c) , in agreement with previous 
investigations on unconsolidated sands (Crawford et al., 2004; Nguyen et al., 2014) and 
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porous sandstones (Baud et al., 2006; Bedford et al., 2019; Cuss et al., 2003; Wong et al., 
1997), as well as the Cam-Clay model which much of the understanding on yielding of granular 
materials is based on (Schofield and Wroth, 1968; Wood, 1990). Beyond yield, in what is 
typically considered to be the inelastic regime, grain sorting exerts a significant control on the 
micromechanics of deformation, which evolve with increasing effective mean stress. Three 
micromechanical mechanisms are identified from photomicrographs of samples triaxially 
deformed at different effective mean stresses (Fig. 7.15); (i) grain sliding and rearrangement 
at low effective stress, (ii) grain chipping at moderate effective stresses, and (iii) intragranular 
grain fracturing at high mean effective stresses, consistent with previous observations on the 
mechanisms of deformation of unconsolidated quartz sands (Karner et al., 2005; Skurtveit et 
al., 2013; Hangx and Brantut, 2019). Although three different mechanisms are identified, they 
do not occur exclusively, rather they are likely to occur simultaneously, with the dominant 
mechanism being controlled by the effective mean stress, as schematically shown in Figure 
7.15. Very well-sorted sands show a more rapid transition from rearrangement and grain 
chipping to predominantly intragranular fracturing than poorly-sorted sand. This can be 
attributed to the greater ease with which well-sorted sediments compact to form a 
structurally supportive packing arrangement, as demonstrated by the constrained 
comminution model of Sammis et al. (1987), where grain-to-grain fracturing is favoured when 
neighbouring grains are of similar size. In a very well-sorted aggregate, this results in 
simultaneous intragranular fracture of grains, with limited outliers remaining undeformed. In 
poorly-sorted sands, constrained comminution is itself constrained by limited neighbouring 
grains of similar size, resulting in less intragranular fracturing and grain size reduction. 
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Microstructural observations of deformation mechanisms are also supported in their grain 
size distribution evolution and fractal analysis. Whilst both sands evolve to a very similar 
fractal distribution with a dimension of D = 2.2, there are differences in how the fractal 
distributions develop with increasing stress and cataclasis, that is reflective of the dominant 
deformation mechanisms. In accordance with the constrained comminution model (Sammis 
et al., 1987), intragranular fracturing predicts a fractal dimension of D = 2.58 for mature fault 
gouge subject to high strain. Although our samples do not achieve this critical value, the VWS 
sample shows a progression in D with increasing stress that suggests potential to develop 
further with increasing strain beyond the 5% achieved in our experiments. In contrast, the 
Figure 7.15. Experimental results plotted in Q-P space normalized to P*. Results plot an 
elliptical yield envelope. Micromechanics of deformation show a broad continuum with 
dominant mechanism increasing with stress. (I) Grain sliding and rearrangement. (II) Grain 
chipping. (III) Intragranular grain fracturing. 
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MWS in which grain chipping appears to be the more dominant mechanism, with minor 
intragranular fracturing, develops a fractal dimension D = 2.2 at moderate levels of stress (30-
50% P*), and does not develop further with increasing effective stress, suggesting a possible 
fractal limit achieved by the process of grain chipping and limited Hertzian fracture. The data 
suggest that grain sorting exerts a significant control on the micromechanics of deformation 
and subsequent evolution in both grain textures and petrophysical properties, highlighting 
that the maturity of sediment and its burial history can play an important role in the 
mechanical and petrophysical development of the basin. 
7.4.3. Implications for Sedimentary Basins 
A suite of experiments has been presented investigating the elastic and inelastic compaction 
of unconsolidated sands, and the micromechanical processes that govern deformation, which 
offers important insight into the burial of sediments during basin formation. The mechanical 
behaviour of unconsolidated and poorly consolidated sediments is sensitive to the degree of 
compaction and grain packing, which is modified significantly from initial deposition, where 
porosity values may be as high as 40%, to burial at depth, where porosities may be as low as 
26% (Beard and Weyl, 1973). Understanding the evolution of compaction is essential in trying 
to unravel the burial history of both unconsolidated and consolidated sediments in the 
subsurface, and highlights the importance of when and where cementation takes place in 
order to preserve porosity and permeability. Large inelastic strains are recorded during 
compaction, which has implications for geomechanical and geotechnical applications in 
predicting material behaviour. Pijnenburg et al. (2019) demonstrates the importance of 
understanding elastic and inelastic strains during pressure changes in a reservoir associated 
with fluid production and pressure depletion, where in-situ pressure changes were best 
represented by an incorporated elastic + inelastic geomechanical model. 
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Compositional and textural properties of sands strongly control the compaction of sands 
during burial, and therefore their porosity and permeability evolution (Worden and Burley, 
2003). The evolution of micromechanical processes with increasing effective stress has been 
demonstrated, allowing for prediction of how grain textures evolve, and ultimately impact 
permeability. Sorting is identified as a major control on the micromechanical behaviour, with 
greater cataclasis and grain size reduction within better sorted sands. Estimates of 
permeability based on the textural properties of the sands combined with porosity values are 
made using the Berg (1970) method, allowing calculation of relative permeability change. 
Results show up to two orders permeability reduction, with greater permeability reduction in 
well-sorted versus poorly-sorted sand, due to greater overall grain size reduction (Fig. 7.16). 
Fractal dimension alone is not a basis for permeability prediction, as despite very similar 
values, the VWS samples display greater overall grain size reduction. This is reflected in the 
fractal range, the range of grain sizes at which a fractal distribution is observed, for which the 
VWS sand is finer. Previous attempts to represent permeability in Q-P space show that 
permeability in the elastic regime is predominantly controlled by mean effective stress, and 
in the post yield inelastic regime, is more influenced by differential stress and controlled by 
the stress path (Faulkner and Armitage, 2013; Nguyen et al., 2014). Plotting the permeability 
of our samples at their peak stress at 5% axial strain in Q-P space creates a picture of how 
permeability evolves with stress in the inelastic regime, although a complete picture of 
permeability in the post yield regime requires further experiments at different levels of strain 
(Fig. 7.17). It is extremely valuable to understand how permeability evolves with stress 
perturbations, for example associated with the production of fluids from subsurface 
reservoirs. Of particular interest is the formation and fluid flow impact of localised 
deformation bands in the subsurface, and although not identified in these samples, the results 
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have implications for strain localisation and development of these bands in both sandstones 
and sands. Hangx and Brantut (2019) investigated localisation in unconsolidated sands and 
concluded that it may be inhibited in due to the ease with which grains can slide and 
rearrange, even after brittle failure had occurred. However, accounts of deformation bands 
occurring in both unconsolidated and poorly consolidated sandstones suggests the possibility 
of such structures, with further experimentation required (Cashman and Cashman, 2000; De 
Rosa et al., 2018; Wilkins et al., 2019). The microstructural observations in poorly-sorted 
sands, where intragranular fracturing and comminution is less prominent in favour of grain 
chipping, illustrates why deformation bands have been very difficult to produce in 
experiments on poorly-sorted sandstones (Cheung et al., 2012), and also supports findings 
presented in chapter 5, with poorly sorted deformation bands showing less overall cataclasis 
and permeability reduction. 
 






Figure 7.17. Experimental results of yield plotted in Q-P space form elliptical envelopes. 
Solid symbols represent values obtained from deviation from the hydrostat. Open symbols 
represent values obtained from differential stress-strain curves. Permeability reduction of 
samples calculated from textural properties can be plotted in the post yield region up to the 





In this study the effects of grain sorting on the micromechanics of deformation during 
hydrostatic and triaxial loading of unconsolidated quartz sand were investigated in order to 
understand the evolution of sediments during deformation, and its effects on porosity and 
permeability. 
• The mechanical behaviour of unconsolidated quartz sands is sensitive to the degree 
of compaction and grain packing. The transition from quasi-linear elastic behaviour to 
inelastic strain hardening behaviour is poorly defined due to inelastic strains 
accommodated by grain sliding and reorganisation during ‘elastic’ loading which 
account for approximately 65% of total strain. Removal of this deformation during 
stress cycling results in a stiffer elastic response. 
• Under triaxial deformation, three micromechanical processes are identified with 
increasing effective pressure. 
(i) At low effective pressures, grain disaggregation and rearrangement 
accompanied by minor grain chipping are the primary mechanisms. 
(ii) With increasing effective pressure, deformation transitions to grain chipping 
with compaction. 
(iii) At high effective pressures, constrained comminution Hertzian grain fracturing 
becomes the primary deformation mechanism. 
• Grain sorting is identified as a major textural control on the micromechanics of 
deformation. In relatively poorly sorted samples, the onset of Hertzian intragranular 
fracturing occurs at much higher effective mean stresses relative to P*, instead 
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favouring non-brittle mechanisms such as sliding and rearrangement, aswell as grain 
chipping. 
• At comparative conditions, very well-sorted samples display more pervasive Hertzian 
fracturing than more poorly sorted sands, due to the connectivity of similar sized 
grains in accordance with Sammis et al. (1987) constrained comminution model, 
resulting in greater mean grain size reduction and textural modification. 
• Micromechanics of deformation is reflected in the development of fractal grain size 
distribution with stress. VWS sands progressively develop a fractal distribution with 
increasing effective stress from D = 1.5 to a maximum of 2.2. MWS sands develop a 
fractal dimension of 2.2 at relatively low effective stresses where grain chipping is the 
dominant mechanism, but seize to develop any further with increasing stress. 
• There is greater permeability reduction as a result of increased cataclasis in very well-
sorted sands, due to earlier onset Hertzian fracturing, resulting in greater grain size 
reduction, and textural evolution to a fractal distribution akin to that of low 
permeability fault core material. 
• Microstructural and petrophysical results are in direct agreement with observations 
made on deformation bands in the field (chapters 5 & 6). Where it is observed that 
poor grain sorting reduces the amount of grain size and porosity reduction such that 





8. Summary and Conclusions 
An integrated approach, utilising both naturally occurring examples of deformation bands 
analysed at a variety of scales, in combination with laboratory-controlled deformation of 
sands and sandstones offers unique opportunities to control lithological properties and test 
theories and observations made in the field. Links between inherent properties of sandstones, 
to the micromechanical processes with stress, to the properties of deformation bands and 
other fault rocks are made.  
The properties of lithofacies and the presence of deformation bands across the localities of 
two case studies was presented. Both case studies of mixed aeolian-fluvial sandstones in the 
Triassic Sherwood Sandstone Group, and the Devonian Old Red Sandstone display a wide 
variation of lithofacies of varying reservoir quality that are affected by deformation bands 
within the damage zones of faults. Aeolian dunes and fluvial channels and bar-forms are the 
dominant reservoir units in terms of their porosity and permeability, whilst also displaying a 
wide degree of variation of lithological properties such as grain size, porosity and sorting that 
is reflected in the occurrence and properties of deformation bands. Lower reservoir quality 
mudstones, siltstones, and fine-grained sandstones are of aeolian interdune, fluvial overbank, 
aeolian sheet and fluvial sheet flood facies. 
There are predominantly two types of deformation bands formed, which are controlled by 
the properties of the sandstone. Disaggregation bands are favoured in finer grained, and 
poorly sorted facies that display heterolithic laminations, and are typically of fluvial 
sheetflood and aeolian sheet and interdune facies. They are characterised by shearing and 
offset laminations, with minimal to no cataclasis due to minimal compaction, and in some 
cases dilation. Of those sampled, they display porosity reduction due to grain reorganisation 
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and packing. Cataclastic deformation bands form in coarser, more porous and texturally more 
uniform facies, such as aeolian dune, interdune, fluvial channel, fluvial bar-form, and are 
characterised by grain size and porosity reduction associated with compaction and shearing.  
Porosity and grain size are found to be the primary controls on cataclasis, characterised by 
grain size reduction and porosity reduction. Bands in high porosity and coarser grained 
sandstones show greater amounts of cataclasis. Permeability reduction of cataclastic 
deformation bands is on the order of 1 – 3 orders of magnitude. Grain sorting is identified as 
a secondary control on cataclasis of cataclastic deformation bands, and as such, permeability 
reduction within well-sorted aeolian facies is slightly greater than in poorly-sorted fluvial 
facies sandstones. This is reflected in grain size distributions of deformation bands revealed 
by fractal analysis. Cataclastic deformation bands, like larger scale fault gouges, develop 
fractal grain size distributions that reflect the deformation micromechanics. Deformation 
bands develop similar fractal dimensions to high strain fault gouges over part of their total 
distribution, defined as the fractal range. The fractal dimensions of deformation bands, and 
therefore the micromechanical processes are controlled strongly by the initial sorting of the 
sandstone. Well-sorted sandstones develop higher fractal distributions (D) than poorly-sorted 
sandstones, indicating grain size independent cataclasis via constrained comminution and 
Hertzian intragranular fracturing (Frank and Lawn, 1967; Sammis et al., 1987). Poorer sorted 
sandstones develop slightly lower values of D, indicating cataclasis may be grain size 
dependant, and may occur via different mechanisms that may include grain chipping. 
Macroscale observations of deformation bands are presented in chapter 6, where two-
dimensional measurements of band intensity are made within fault damage zones of different 
lithologies, as well as measures of deformation band width and geometry. The geometry of 
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deformation bands is conjugate to the principal stress (σ1) with dihedral angles of between 
20° and 60°, and with faults dipping at angles of 70° +/-10°. 
Damage zone intensity measures using a two-dimensional window sampling method provide 
measures of intensity with less error due to sampling bias and censoring, and in fault damage 
zones within heterogenous successions, offer a more precise measure for comparison 
between different sedimentary units. Whilst the type of deformation band formed, and 
porosity reduction and cataclasis of deformation bands is controlled by porosity and/or grain 
size, damage zone intensity does not show a clear positive correlation. Grain sorting shows a 
strong correlation with deformation band intensity, indicating that well-sorted sandstones 
yield higher intensity. Although there is a negative trend between grain size and intensity, this 
is attributed to the coarser grained lithofacies being poorer sorted sandstones of fluvial facies 
association. It is therefore necessary to consider trends of lithological properties with one 
another. Sorting is also found to be the primary control on deformation band width, with 
poorly-sorted sandstones exhibiting consistently thicker deformation bands with greater 
thickness variations in the development of deformation band lenses. Whilst counter-intuitive, 
deformation band width shows little to no dependence on grain size, despite coarser 
sandstones being typically poorly sorted fluvial facies, with some of the narrowest band width 
ranges occurring in coarse-grained, well-sorted sandstones. The role of bed thickness on the 
formation of deformation bands remains unclear, with two opposing trends from the 
Cheshire Basin study and Pease Bay study. The former largely consists of sandstone 
dominated sequences with very minor mudstone and siltstone horizons, whilst the latter 
comprises much thicker and abundant mudstones and siltstone beds, which raises the 
question of whether mechanical stratigraphy plays a role in the distribution of strain in the 
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form of deformation bands in successions with greater contrasts of competent-incompetent 
beds. 
Grain sorting was a constant variable in the field study and a consistent factor controlling 
many aspects of deformation band properties. Triaxial deformation experiments aimed at 
understanding the role of grain sorting on the deformation of sandstones and the formation 
of deformation bands were performed under controlled conditions. Deformation 
experiments reaffirm grain size and porosity controls on the deformation of sandstones, 
particularly their strength which scales positively. Grain sorting is found to potentially 
increase the amount of inelastic deformation during ‘elastic’ loading, with implications for the 
burial and compaction of sediments. Microstructural observations using back scattered 
electron microscopy, and fractal grain size analysis relate and show the influence of grain 
sorting and stress on the micromechanics of deformation. Micromechanical processes 
transition from grain disaggregation at low effective pressures (<30% of P*), to grain chipping 
and flaking at intermediate pressures (30-60% of P*), and grain comminution and Hertzian 
fracturing at higher effective pressures (>60% of P*). This is reflected in grain size fractal 
distributions, with greater fractal dimensions at higher effective stresses. This is also in 
agreement with field observations of fault geometry, in which the dihedral angle of conjugate 
deformation bands is linked to stress and also controls the deformation mechanisms of 
deformation band formation. 
Grain sorting acts to inhibit grain comminution and Hertzian fracturing, resulting in less 
overall cataclasis and grain size reduction, supporting conclusions in chapter 5 and 
observations made on natural deformation bands. Calculations of permeability show that 
permeability reduction is greater in well-sorted sands than in poorly sorted sands, again 
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reaffirming observations made of naturally occurring deformation bands in well and poorly-
sorted sandstones. 
In combining the findings of chapters 5, 6 & 7, it can be concluded that in order to predict the 
occurrence of deformation bands within a mixed aeolian-fluvial reservoir, porosity and grain 
size should be a primary initial consideration, but the sorting of sandstones should be a strong 
secondary consideration. In aeolian successions it has been proposed that the increase of 
deformation bands within aeolian dune facies of the highest reservoir quality, would 
homogenise the reservoir by reducing those units to the properties of the lesser reservoir 
quality units (Fossen and Bale, 2007; Fossen et al., 2007). Results of this thesis suggest that 
the same cannot be said of mixed aeolian-fluvial successions. Despite an increase in band 
intensity within aeolian sandstones versus fluvial sandstones, resulting in permeability 
reductions of up to 3 orders of magnitude, it is demonstrated that deformation bands hosted 
in fluvial sandstones can be of sufficient intensity, and are consistently wider, and with more 
width variation. The decrease in intensity and slightly less permeability reduction may 
therefore be outweighed by an increase in cumulative width of the bands. If this were the 
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